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ABSTRACT

Critical phenomena in the Arnold Engineering
Deveiopment Center (AEDC) High Performance Demonstration
Experiment (HPDE) and the U.S. U-25 Experiment, are analyzed.
Also analyzed are the performance of a NASA-specified 500
MW(th) flow train and computations carried out by STD Research
under Contract AC-01-79ET15501 concerning critical issues for
the scale-up of MHD Generators.

The HPDE is characterized by computational simulations
of both the nominal conditions and the conditions during the
experimental runs. The steady-state performance is discussed
along with the Hall voltage overshoots during the start-up and
shutdown transients. The results of simulations of the HPDE
runs with codes from the Q3D and TRANSIENT code families are
compared to the experimental resualts. The results of the
simulations are in grod agreement with the experimental data.

Additional <critical phenomena analyzed in the
AEDC/HPDE are the optimal load schedules, parametric variations
around the simulations of HPDE Run 006-014, the parametric
dependence of the electrode voltage drops, the boundary laver
behavior, near electrode phenomena with finite electrode
segmentation, and carrent distribution in the end regions.

The U.S. U-25 experiment 1is characterized by
computational simulations of the nominal operating conditions.
Tne steady-state performance for the nominal design of the U.S.
U-25 n~xperiment is analyzed, as is the dependence of
performance on the mass flow rate.
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A NASA-specified 500 MW(th) MHD flow train is
characterized for computer simulation and the electrical,
transport, and thermodynamic properties at the inlet plane are
analyzed.

Issues for the scale-up of MHD power trains are
discussed. The AEDC/HPDE performance to date is analyzed to
compare these experimental results to scale-up rules. The
optimum Mach number distribution is analyzed with emghasis upon
its effect on part-load and transient behavior. The effects of

alternate cross-sectional shapes on channel performance are
also evaluated.
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ANALYTICAL INVESTIGATION OF CRITICAL PHENOMENA
IN MHD POWER GENIRATORS

1.0 INTRODUCTION

U.S. MHD technology for commercial power generation
has made a significant transition in 1980. Test data is being
obtained for MHD power trains of sufficient scale, interaction,
and durability to bridge the gap between prior laboratory scale

<periments and the requirements of commercial systems. In
addition, detailed design studies are being initiated for
advanced power train concepts which will ultimately lead to
pilot-scale tests of a coal-fired MHD power plant. The
significant power train projects in this transitional phase of
MHD technology include the AEDC High Performance Demonstration
Experimeni: (HPDE), the U.S. U-25 generator/diffuser; U.S.
participation in the U-25B experiments, the UTSI Coal Fired
Flow Facility (CFFF), the Advanced Power Train (APT) for the
Componert Development and Integration Facility (CDIF), and the
Engineering Test Facility (ETF).

These projects each represent an important advance
beyond previous laboratory experience. In contrast to past
laboratory experiments, these projects test MHD power trains in
which the interaction between the electrical forces and working
fluid will be strong enough to cause important departures from
classical internal duct gasdynamics. There are at present only
limited experimental data to guide the prediction of the
performance and behavior of MHD channels in such moderate-to-
high interaction situations. Likewise, there is a lack of
experimental data against which the test results of these
programs might be compared. Under NASA Contract DEN3-179, STD
Research Corporatior has continued the application of 1its



comprehensive analytical capabilities to predict and interpret
the behavior of high interaction MHD power traims. This Final
Report for Contract DEN3-179 describes the results of analyses
of high interaction experiments and designs carried out by STD
during this transitional phase of MHD technology.

The planning, detailed analysis, and interpretation of
the AEDC/HPDE and the U-25 experiments have been the subject of
concern at STD Research Corporation from their initial
conception [1-1]. During many years of contributions to the
initiation and evaluation of these experiments, STD Research
Corporation has analyzed many of the interim designs for the
experimental hardware. Under U.S. Department of the Interior,
and U.S. Department of Energy contracts since 1971, STD
Research has made numerous specific¢ recommendations for
improved test parameters and procedures for the HPDE and U.S.
U-25 tests. Many of the STD recommendations have resulted in
changes in test hardware and/or procedures.

Under DOE contract AC-01-79ET15501 and NASA contract
DEN3-179, STD Research has analyzed the "as-built"
specifications of the HPDE and U-25 experiments under nominal
operating conditions. These analyses have quantitatively
predicted the effects of critical, nonideal processes which
will control the performance of the HPDE and U-25 tests.
¥oreover, the work undei1 these contracts has mapped the
predicted nominal operating characteristics of those
experiments over the likely ranges of mass flow rate, working
fluid composition, diffuser recovery coefficient, wall
temperature, and other operating conditions.

Under Contract DEN3-179, STD Research has carried out
analysis of preliminary data from the first tests of the HPDE.



These experimental data confirm earlier analytical predictions
by STD Research Corporation, such as the presence of large
axial voltages during the start~up transient and the presence
of much-larger-than design electrode voltage drops. This
expcrimental confirmation of effects predicted by the STD
analytical tocls further validates the accuracy of these tools.

Studies of the nominal operation of the HPDE have
yielded estimates of the relative importance of critical
phenomena expected in the flow train tests. Unfortunately, the
experiments can never run at precisely the nominal conditionms.
A significant test of an analytical tool is its capability to
utilize ipputs from instantaneous measurements taken during a
test, and then to predict other quantities measured at the same
instant during the same test. Such data are now available from
the HPDE, and comparisons between such data and the STD/MHD
code results are presented in this report.

Previous test data analyses at STD Research
Corporation [1-2] have amply demonstrated the benefits of
careful test data analysis for providing data comnsistency and
understanding of the relative importance of the operative
physical processes. As data have been received from the HPDE,
STD Research Corporation has undertaken a detailed analysis of
appropriate, self-consistent data sets which have led to (1)
better understanding of the significance of each test .nd (2)
recommendations for improved test procedures.

The survey of the nominal performance of the U-25
generator designed and constructed in the United States was
carried to the point of evaluation of the "as-built"
performance of the channel. The channel has not been operated
to date, and therefore the analytical predictions oi the



studies of nominal performance have not been checked against
experimental data. Insights gained by the compar.son between
the analytical simulation of AEDC/HPDE experimental data were
applied to the U-235 nominal operating conditions. however.
These analyses focused on the implications of operating the
U-25 channel with cold walls without modification of the
original design loft. The results indicated that the electrode
boundary layer voltage drops would assume a major role in the
achievement of the 10 MW design goal with the "as-built" U-25
nominal operating conditions.

Perhaps the most important objective of analytical
modeling of any physical process is the development of the
ability to extend the results of experiments under one set of
conditions to the conditions of other experiments. To do this,
one must have the ability to exercise sufficiently rigorous and
complete physical models which do not depend upon the
application of adjustable, empirical factors in order to obtain
agreement with experimental data. The use of such rigorous
analytical tools, as are employed at STD Research Corporation,
place a substantial burden on the experimentalist to provide
precise, complete measurements for all of the physical data
required as input to the calculation. Experience at STD
Research Corporation [1-4] has shown that the combination of
well diagnosed experimental data and rigorous analyses can pay
dividends in understanding complex physical mechanisms and the
experimental data itself. After the initial '"shake down"
phases of HPLE testing, the HPDE is beginning to produce such
data. The simulations performed under Contract DEN3-179 have
been fruitful as a consequence.

It is of interest to extrapolate the results of <the
AEDC/HPDE experimental data analyses to-date to conditions of



higher interaction. These conditions include operation of
pilot scale and commercial scale MHD generators. Under
Contract DEN3-179 and its predecessors, STD tLesesarch
Corporation has characterized the bebhavior of MHD power trains
from laboratory scale to commercial scale utilizing a self-
consistent set of apalytical tools. It was shown in [1-3] that
the performance and fluid behavior of MHD power trains
correlates well with the appropriate _.nteraction pare—»te .
The performance and interaction parameters of the AEDC/HPDE
relative to generators of other scaies are survev~2? in the
rresent report.

Utilizing the results of calculations carried out
under Contract AC-~01-79ET15501, the scale dependence of the
performance of generators of alternate cross-sections
(elliptical and hexagonal) also has been analyzed. The
benefits of alternate cross-sectional geometries are strongly
dependent on the boundary layer characteristics present at a
particular station in a given channel. The poweir generation
potential of each of ‘*hree cross-sections in each of four
channels ranging in scale from 20 MW thermal input to 2000 MW
thermal input is compared. The comparison has been carried out
between the power actually generated and (1) the power
generation potential predicted by simplified electrical
calculations, (2) power generation with rectangular geometry,
and (3) ideal power generating zapability based on center-line
conditions at each axial station. While the analyses are
indicative of the potential benefits of alternate cross-
sectional configurations in MHD generators at various scales,
the results do not represent optimum configurations. A number
of additional computational degrees of freedom which were not
coasidered in the previous study may also serve to improve the
performance of generators of alternate cross-sections beyond
the levels demonstrated.



Finally, an analytical study of the scale dependence
of part load and transient behavior of MHD power generators is
summarized in the present report. It is shown that a critical
parameter for the successful part load operation of MHD power
generation is the velocity or Mach number distribution in the
MHD generator. The conclusion of this study has been that the
key to successfuli off-design or part load operation of MHD
generators is the maintenance of the Mach number distribution
at or near the optimum value for the stagnation conditions
existing at each station in the MHD generator.

This Final Report is organized according to the major
topics addressed during the course of Contract DEN3-179.
Section 2 presents a brief deseription of the coudes utilized
duri: g the analytical investigations, and points out documents
and literature in which fuller descriptions of the codes may be
found. Section 3 focuses on the analysis of the "as-built”
AEDC/HPDE, including the analysis of actual test data. Section
4 is devoted to special ~tudies based upon the simulations of
AEDC/HPDE experimental data described in Section 3. Section 5

describes the characteristics of the nominal, "as-built",
operating conditions and specifications of the U.S. U-25 flow
train. Section 6 describes the results of thermodynamic

calculations of coal combustion products, including estimates
of the electrical conductivity at the inlet of a NASA specified
500 MWth MHD generator. The purpose of Section 7 is to put the
results of the present contract and Contract AC-01-79ET15501
into the context of the overall development program for MHD
power generation. Sections 8 and 9 summarize the findings of
the report and enumerate the major recommendatiorns resulting
from the studies presented.



2.0

DESCRIPTION OF THE STD/MHD CODES

The STD/MHD codes are constructed from a large

collection of modules or subprograms which address various
aspects of the MHD problem. Taken together, these codes define
and solve the MHD problem, including, where applicable:

1.
2.
3.
4.
5.
6.

~
a e

8.
9.
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.
25.
26.
27.
28.

30.
31.

32.
33.
34.

Viscosity and wall roughness

Vclume viscous losses

Wall roughness effects on skin friction

Other skin friction effects

Compressibility

Turbulence, including MHD effects

Turbulence structure parameters and transport coefficients

Convective heat transfer

Radiative heat transfer

Anisotropic, nonuniform, fluctuating electrical transport
properties

Nonuniform, fluctuating plasma/fluid properties

Nonequilibrium effects

Finite reaction rates, including ionization/recombination

Electron energy relaxation

Electron radiation losses

Electron thermal and concentration diffusion

Nonlinearity of the plasma as a conducting medium

Electrode surface and sheath phenomena

Electrochemical effects at the electrodes and slag layer

Finite electrode effects

Flow separation

Current leakage due to imperfect segmentation or slag
layer leakages

Axial current leakage in the plasma and interelectrode
arcing

Trans-boundary layer arcing

Shock waves and shock wave/boundary layer interactions

MHD instabilities (including magnetoaerothermal)

Ionization instability modes

Current streamer formation

Start-up transients, including sequencing of fuel,
oxidizer, and seed valves, secondary injection of fuel,
seed and oxidizer, and lnad circuit switching

Shut-down transients

Perturbations from steady state operation, including steam
plant upsets, load circuit faults, part-load opersaticn
and load iollowing transients

Generator/power conditioning system interactions

Generator end regior losses

Slag layer dynamic phenomena



35. Channel geometry effects, including nonrectangular
cross—-sectional shapes

36. Transverse pressure gradients and nonuniformities

37. Secondary flows induced by MiiD or viscous effects

38. Fundamental combustion processes, including particle
burnout, particle trajectories, liquid leyer formation
on combustor walls, seed mixing and uniformity, pressure
loss, etc.

39. Alfvén waves

40. Hartmann flow

41. Nucleation effects

42. Electron capture by particles

43. Radiative ionization and recombination

44. Nonequilibrium radiation and coherent radiation

45. Bffects of nonideal mixtures in condensed phase chemistry

46. "Faraday Catastrophe” load faults

47. Three-dimensional and time-dependent induced magnetic
field effects

48. Ion slip effects

49. Nonideal plasma effects

50. Combustor-generated inlet swirl

The modules or subprograms describing these and other

processes can be coupled in a variety of ways, depending upon
the desired focus of a given calculation.

Detailed descriptions of the formulations, solutions,
and applications of the appropriate STD/MHD codes are contained
in Ref. [2-1] through [2-5]. A capsule description of each of
the TRANSIENT, Q3D, PROPERTIES, FIN, INLET, BONDLAY, and
GRAPHICS code families follows.

Code Family: TRANSIENT

Time-dependent magnetohydrodynamics, plasmadynamics, and
compressible gasdynamics for internal flows with MHD
power extraction and body forces. Comprehensive code
family accounts for two~dimensional effects, wall effects
(heat transfer and friction) and kinetics. Applicable to
MHD power systems, gas—dynamic lasers, and other high
temperature flow systems in which start-up, shutdown or
unsteady operation are important. TRANDEE is one of the
specialized codes within this family. The User's Guide to
this code is available, Ref. [2-3].



Code Family: Q3D

Quasi-three-dimensional, steady MHD, electrical, and fluid
mechanical effects in equilibrium (combustion-~driven) or
nonequilibrium (noble gas) MHD flow trains (combustor,
nozzle, channel, and diffuser) of arbitrary cross section.
This code family includes various cross sectional MHD
generator performance calculations which may be coupled to
predict three dimensional performance and behavior. While
finite segmentation options exist, they were not utilized
in the performance of the Q3D calculations described in
this report. QUE3DEE is one of the specialized codes
within this family. A User's Guide is available for this
code, Ref. [2-4}.

Code Family: PROPERTIES

Generalized transport and thermodynamic properties of
equilibrium combustion flames. These codes consider
reactions between more than 500 gas, liquid, or solid
state species. Flexible inputs include initial fuel,
oxidizer, and additive (seed, ash, etc.) compositions and
states. Outputs include electrical and fluid transport
coefficients and all thermodynamic state variables.

Code Family: FIN

Two~dimensionz]l MHD electrode solutions with electron
energy relaxation, electron ionization/recombination
kinetics, effects of slag coatings, and finite electrode/
insulator width. Codes in this family apply to the region
of the MHD generator channel which may be considered
"periodic"; i.e., regions in which changes from electrode
pair to adjacent electrode pair are essentially
negligible.

Code Family: BONDLAY

Integral boundary layer models with MHD body forces, Joule
dissipation, wall roughness effects.



Code Family: GRAPHICS

General and customized graphics packages for
post-processing raw data files generated by other code
families. Includes codes for contour generation and three
dimensional projection of bivariate data.

Code Family: INLET

Codes in this family solve the two- dimensional electrical
part of the MHD problem in the part of the MHD gcnerator
which cannot be considered periodic. These codes take
given gasdynamic variables and compute the two dimensional
distributions of electron temperature, Ohm's law coeffi-
cients, current density, and electric field in the end
regions of an MHD channel.
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3.0 HPDE DATA ANALYSIS AND INTERPRETATION

STD Research Corporation has performed calculations to
survey the power producing characteristics of the AEDC/HPDE
over the nominal operating range as well as calculations to
simulate actual experiments which have occurred to date. The
results of these studies are discussed in this section.

3.1 Channel Characterization

Subsection 3.1.1 describes the physical parameters
used for simulations of the nominal operation of the AEDC/HPDE.
Descriptions of operating parameters which differed from these
nominal conditions during actual tests are provided 1in
subsequen* subsections.

3.1.1 AEDC/HPDE - Nominal Conditions

The flow train of the Arnold Engineering Development
Center High Performance Demonstration Experiment (AEDC/HPDE)
consists of a combustor, transition nozzle, electrode test
section, generator, generator/diffuser adapter section and
diffuser. Pig. 3-1 is a schematic of the final, 'as-built"
internal dimensions of the device (axial locations are
referenced from the combustor bsck plate).

3.1.1.1 Geometry
The combustor for the HPDE is based on renovation and
modification of what was formerly the LORHO burner and is

described in [3-1] through [3-4]. For the purpose of
performance analysis, the combustor may be charscterized as a

12



0.610 m diameter cylinder of 1.195 m length. The transition
nozzle 1is a three-dimensional contraction from the 0.605 m
diameter burner to a 0.264 m by 0.489 m rectangular electrode
test section. The electrode test section is of no consequence
during the MHD experiments and may be regarded simply as an
unloaded portion of the generator. The MHD generator channel
is constructed in 5 sections, the dimensions of which are shown
in Fig. 3-1. In the STD computer codes the x-axis is located
at the center of the channel cros:s-section. The y-axis is in
the electrode-to-electrode direction with the positive
direction being from cathode toward anode. The z-axis is in
the sidewall—-to-sidewall direction. The magnetic field vector
is in the positive z direction. The channel height, width,
area, and aspect ratio are plotted as a function of the axial
coordinate in Fig. 3-2.

There are 485 pairs of electrically accessible
electrodes, of which only 417 pairs spanning 7.15 m in the
interior of the channel are loaded under the nominal operating
load schedule.

The electrodes are electrically isolated from each
otucr with refractory, and each electrode spans the transverse
¢*stance across the channel. The gap between electrodes is
1.52 m throughout the channel [3-5]. Graphite caps are
attached to each electrode pair to allow operation at a high
surface temperature.

The "pegwall" insulator walls are composed of 0.019
square conducting pegs which are spaced 1.58 mm apart and are
insulated with refractory material [3-4].

The Zenerator is fitted (via an adapter section) with

a plane-walled diffuser with parallel sidewalls (extensions of
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the electrode walls) and diverging top and bottom walls. The
mechanical design [3-1] of the diffuser allows for setting the
upper and lower walls at any angle between 0 and 30. Experi-
ments to date have fixed the divergence angle at 1° on both
walls.

3.1.1.2 Magnetic Field

The magnet for the MHD High Performaace Demonstration
Experiment is designed to provide (at 27 MW and 16 kA) a peak
field of 6 7T when _ulsed from 77 K (LN2) and 5.5 T when
operated (ontinuously water-cooled. The magnet bore is 0.89 m
wide by 0.71 m high at the entrance, 1.4 m wide by :.17 m high
at the exit, ~und the poles are 7.1 m long. The total length of
the magnet is a 9.16 m. [3-6]

Fig. 3-3 shows the agreement between tne predicted and
measured magnetic field distributions. 8TD simulaivions of the
AEDC/HPDE experiments to date have used, as inp..t for the field
distribution, the MEA design values [3]-13]. These values are
scaled by the measurement of Hall proke H9 for each particular
run under analysis.

3.1.1.3 Loading

The nominal loading scheme for the HPDE generator is
in a Faraday configuration. Tor purposes of performance survey
calculations, the load distribution is given as follows [3-5].

x(m) RL (ohm-m)
2.735 { x £ 8.875 0.8
R.875 < x € 9.885 1.6
where x is measured from the burner backplate. The electrode
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spacing is given in [3-7} and is included in Table 3-1 for
convenience.

3.1.1.4 VWorking Fluid

The working fluid for the channel is composed of the
products of the combustion of toluene and Oxygen with nitrogen
arluent. The seed is potassium hydroxide dissolved in
methanol. The fuel/seed rixture is injected into the com' .stor
as a liquid at ambient temperature. The nominal mass flow
rates for the facility are 45 kg/s for operation between 2 and
3 T, 50 kg/s for opcration between 3 and 4 T, and 53 to 54 kg/s
for operation at 4 T and greater [3-5]. The nominal value for
both the NZ/OZ mole ratio and the stoichiometry is 1.0. Table
3-2 contains a list of the flow rates which describe the
working fluid under nominal conditions (2 T, 45 kg/s).

3.1.1.5 ¥%all Conditions

The nominal values for the surface temperatures on
both the insulating and electrode walls are shown in Fig. 3-4.
These temperatures were determined by a one-dimensional
‘ransient heating analysis performed by AEDC personnel and
described in [3-7]. For all calculations the duration of
heating was taken to be 15 s, after which there was a cool-down
cycle during wtich atmospheric air is forced through the
channe:. The temperature history for each wall is calculated
at the channel inlet and exit, and the distribution of the wall
temperatures along the channel were obtained by assuming a
linear variation between these locations (for values corre-
sponding to t = 15 s). The combustor operates with a wall
temperature of 450 K, and the rorghness of all walls |is
charactrrized by an equivalent sand roughness of 3 mm in the
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electrode test section and channel, and as "smooth" in the
combustor, nozzle, and diffuser [3-5].

3.1.1.6 Channel Inlet Conditioas

The character of the flow as it enters the MHD
generator is not completely defined by the experimental data.
Ideally, one would prefer to know with confidence the complete
distribution of mass, momentum, apnd energy at the inlet plane.
Available data are sparse due to the experimental difficulty of
obtaining these measurements. The heat loss to the water-
cooled components of the burmer is on the order of 3% [3-4].
The total heat loss to all components upstream of the first
loaded electrode was calculated, as described in Section
3.1.2.5, by STD Research; the value of 5.7% was used for the
nominal case. The original design calculations based on the
nominal operating conditions indicated that the boundary layer
thickness is approximateiy 12 mm at the inlet plane.

3.1.1.7 Other Conditions and Assumptions

The generator exit condition is determined by the fact
th.t the HPDE ilow train exhausts to the atmosphere. Hence,
the static pressure in the exit plane of the diffuser |is
assumed to have the nominal value of one atmosphere.

3.1.2 AEDC/HPDE - Experimental Conditions
The HPDE experimental conditions are chosen according
to experience learned from each successive test and a test plan

which includes variation of the key test parameters. Conse-
quently, the HPDE runs have not, to date, operated at exactly
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the "nominal" conditions pr .ented in the previous section.
Post-experimental data analysis is the only way to determine
the operating point of a particular experiment. It is the
purpose of this section to set forch as completely as possible,
using the data at hand, the experimental conditions under which
the AEDC/HPDE has actually operated to this date.

3.1.2.1 Magnetic Field

During power producing runs the magnetic field
strength is monitored via Hall probes, the locations of whbhich
are shown in Fig. 3-5. All probes are located on the floor of
the magnet bore. A measure of the variation of the magnetic
field in the interelectrode direction is provided by probes H2A
and H3A which are displaced above and below the midline (y = 0)
by 0.014 m. The location of these probes with respect to the
design magnetic field distribution is shown in Fig. 3-3. Note
that they are near the peak magnetic field region. For the
purpose of computer simulation of the experiments, the measured
values of probes H2A and H3A are averaged over the time
interval of interest. The resulting value of the magnetic
field is then used to scale the design curve to yield the
complete magnetic field distribution ror the experiment under
consideration. Table 3-3 contains the values of the magnetic
field so obtained for the AEDC experiments to date.

3.1.2.2 Loading

The 1load bank 1is a series of liquid rheostats
consisting of polypropylene buckets, each containing two copper

plates. The plate spacing can be varied to achieve a
resistance range from 10 to 60 ohms. Table 3-4 contains the
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resistance of each electroae pair as set by AEDC personnel
(3-8}, [3-9]}. These values have been normalized by a water
conductivity of 150 uS/cm. Note that the reference resistances
for electrode pairs numbered greater than 357 have been changed
for runs subsequent to 006-007 and also that electrode pairs
401 and above are open circuited. Table 53-35 contains the water
conductivity during the ruans for all runs to date. To deter-
mine the resistance schedule for any particular run, the values
from Tables 3-4 and 3-5 must be used in the following equation:

R = Rref (150/K

run run)

The product of the above load resistance and the electrode
pitch (width from Table 3-1 plus the insulator thickness of
1.52 mm) then uniquely specifies the loading of the channel in
the Faraday configuration. It should be noted here that
comparisons of the 1load resistances determined in the above
manner and those determined from the voltages-current
characteristics of the experimental data are not very good for
Run 006-008, but were better for subsequent runs. Further
discussion on this point is contained in Secti<as 3.6 and 3.7.

3.1.2.3 VWorking Fluid

Table 3-6 contains a list of the flow rates of the
various constituents of the working fluid for two typical
experimental runs (006-008 and 006-014). These flow rate data
are input to codes from the STD THERMODYNAMICS family to
generate a thermodynamic data base and other data. Input flow
rates for oxidizer, seed, and fuel were obtained by averaging
the experimental data over the time period 4.54 < T, < 5.21 s
for Run 006-014 and 9.5 < T, < 10.2 s for Run 006-008.
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3.1.2.4 Wall Cornditions

Fig. 3-6 illustrates the results of a transient
heating analysis performed by AEDC personnel for the electrode
surface including the 1/2" graphite caps [3-11]). Experimental
data have indicated that the heat trarsfer
rates on the electrode surfaces at the inlet flange and at a
statioa 5.59 m from the inlet flange are 450 Btu/ftz-sec and
100 Btu/ftz-sec, respectively. Several of the power producing
runs to date have yielded their best data about 5 secornds intc
the run. Reading the curves of Fig. 3-6 (at t = 5 s) for the
heat transfer rates mentioned above yields electrode surface
temperatures of 1130 K and 540 K at the inlet flange and a
point £.59 m downstream, respectively. For the purpose of
performance calculations, the complete temperature distribution
is assumed to be linear along the channel between these two
points. These data were the best available at the time these
simulations were performed.

All simulations beginning with the simulations of Run
006-014 utilized the temperature profile described in the above
paragraph. Simulations of runs prior to 006-014, which were
carried out before this information became available, utilized
the nominal temperature distribution, Fig. 3-4.

As the HPDE runs were analyzed, better wall
temperature data became available. A further revision to the
electrode surface temperatures has been published in [3-12] and
is reproduced in Fig. 3.7. This estimate is based on a two-
dimensional, fully viscous calculation including the effects of
pressure gradient.
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3.1.2.5 Channel Inlet Conditions

To determine the boundary layer thickness at the first
loaded electrode, a series of computations have been made with
a code from the STD BONDLAY PFamily. Several runs were made
assuming various values for the equivalent sand roughness in
the components upstream of the channel w>ch the following
results at the first loaded electrode:

Sand Roughness Height 6(electrode wall) ©&(sidewall)

_(mm) (mm) (mm)
0.0 (smooth) 17.6 19.3
0.1 24.0
1.0 34.9 38.4
2.0 40.0 44.3
3.0 43.6 48.4

These calculations also predict that the total
enthalpy loss up to the first loaded electrode ranges between
approximately 5.7% for the smooth wall calculation to
approximately 7.2% for the 3.0 mm roughness calculation. The
latter value compares well with the datum of 7.5% measured by
AEDC [3-12].



density, integrated power output, and 1nterelectrode voltages
are determiaed from tne primary measurements and other
geometrical data.

3.2.3 STD Interface with HPDE Data Systems

The HPBE data acquisition system data are processed by
codes from the STD GRAPHICS family and plotted as a function of
both space and time. These codes allow the data and
computational results to be displayed with any degree ot time
and space resolution necessary, contingent of course, on the
ultimate density of the data, to examine events of importance.
Fig. 3-8 is illustrative of the manner in which critical events
can be followed throughout their lifetime using this type of
display.

A plot of the data acquisition system data for a typical
AEDC rumn (006-008) is given in Fig. 3-9. On this figure the
time coordinate increases from left-to-right and starts at T2 =
0 (T2 is the time ir seconds from combustor ignition). Also,
the axial distance along the flow traian 1is plotted from
top-to-bottom. On this figure, the value of the data is
plotted vertically above the corresponding point in the
time-distance coordinate plane. It is possible to define and
plot subsets or "windows" in the data as small as necessary to
resolve an event of interest if the data are available. Such
options have as yeti gone unused for the HPDE data due to the
relative coarseness of the experimental data in space and time.
Much higher data rates will be required t» resolve the space-
time variation of critical phenomena such as MHD instability
modes, electrical transients, etc.



3.3 Steady State Performance at the Nominal Operating
Conditions

Prior to receiving the experimentaul data from the
initial powered runs, a study was conducted in order to
determine the probable performance range of the AEDC generator

during the first phase of testing. The nominal operating
conditions were defined by AEDC personnel and are documented in
Section 3.1.1. During these computations the peak magnetic

field was varied between 2.0 and 4.0 T and the mean flow rate
was varied between 45 and 54 kg/s. Due to the unavailability
of sophisticated FIN or ARRAY calculations in the early stages
of te HPDE analysis, a variety of wall condition models were
employed in Q3D for the initial calulations of the iPDE
performance under the nominal operating conditions.

With the arc mode current transfer option, the current
transverse through the boundary layer flows with negligible
loss when the local electric field exceedes a c¢ritical value.
Based on previous work, the critical value used for these
computations is -12 kV/m. For the diffuse current mode option,
the current transverse through the boundary layer is

computationally forced to be uniform across the width and
length of the electrodes.

Figs. 3-10 and 3-11 present the summary of the predicted
performance of the HPDE at the nominal operating conditions for
2 T, 3 T, and 4 T operation. Performance predictions were
carried out as a function of mass flow rate with the STD
TRANSIENT family of codes in the quasi-steady mode of
operation. The predicted values fall within the bounds of
uncertainty defined by a series of more sophisticated,
quasi-three~dimensional calculations with the Q3D family of
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codes. Depending upon the relative importance of sced
condensation and current transport mechanisms, the predicted
power output was found to vary between 4.28 to 15.3 MW at 2 T
and between 25.96 to 39.76 at 4 T. Fig. 3-11 indicates that
the experiment should not be expected to obtain 15% enthalpy
extraction at 4 T and the nominal operating conditions.

Figs. 3-12 to 3-24 are results of a calculation,
COBQFXRIHU, with a code from the Q3D family for the 2 T nominal
condition (Point A (2 T) imn Fig. 3~10). These are axial
profiles of certain key variables which are output from the
calculation. The origin for the axial coordinate in these
figures is located at the inlet flange (end of electrode test
section in Fig. 3-1). Note how the sectioning in the channel
construction (see Fig. 3-1) is directly reflected in the Mach
number and velocity distribution of Fig. 3-13. The load factor
decreases from 0.8 to 0.64 over the active channel (Fig. 3-15).
Fig. 3-16 shows that approximately 15.3 MW are produced at the
nominal 2 T conditions at an enthalpy extraction ratio of
0.059. Maximum normal current densities of approximately 0.5
A/cm2 and maximum Hall fields c¢? approximately 1.8 kV/m ar2
present during operation as shown by Fig. 3-17. Maximum
voltage drops* of approximately 750 V occur in the rear end of
the generator (Fig. 3-21).

*Except as otherwise noted, voltage drops in this report are
defined as the difference between the Faraday voltage and the
voltage difference across the channel if the centerline
transverse voltage gradient were extrapolated to the
electrodes.
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3.4 Hall Voltage Overshoots

The mechanism for the occurrence of Hall field
overshoots during start-up and shutdown was described in Vol.
I, pp. 5-12 to 5-16 of the STD Research Corporation report
FE2243-17 under contract EX-76-C-01-2243 (May 1978). During
periods in which the channel is operating at design mass flow
rates, but is unseeded or slightly seeded, high velocities are
experienced in the channel. In the presence of the magnetic
field, B, these higher-than-design velocities can lead to much
higher-than-desien Hall fields:

Ex = BUB(1-K) /G
Taking note that p ~ B/p, we find that (1) Ex ~ Bz, and (2)
every factor in the above expression (except the nonuniformity
factor G) changes in the direction to increase the magnitude of

Ex as the velocity increases. Such unseeded or slightly seeded
conditions are present during the start-up and chutdown
sequences because the seed valve 1is opened last and closed

first.

In the calculations described in the forementioned
repnort, Hall fields exceeding 20 kV/m locally were observed
at the nominal 6 T condition during the start-up and shutdown
events, and Hall fields exceeding 4 kV/m extended over more
than half the channel. Scaling these fields by the square of
the ratio of magnetic flux density in Run 006-008 to the value
used in the previous study (2.35 T/6 T)2, we might expect Hall
fields of the order of 3 kV/m over the entire channel due to
the increased extent of the supersonic flow region in AEDC/HPDE
Run 006-008 (see Section 3.6 for a complete analysis of this
run). Thus, instantaneous total Hall voltages up to 25 kV
might be expected in the 006-008 start-up and shutdown events.
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Fig. 3-25 is a plot of the anode-to-ground voltage for
electrode pair number 336 during AEDC/HPDE Run 006-008 ip which
the diffuser became grounded during the run. Figs. 3-26 and
3-27 show the anode and cathode voltages at all instrumented
electrodes (for the Data Acquisition System) over the entire
duration of the run. It is clear that the overvoltages
occurred throughout the channel. The reduced data acquisition
system data, which are presented in all plots of data
acquisition systems in this report, are averages over five
acquisitions in order to filter the noise. Therefore, while
voltages as high as 25 kV are not displayed in these figures,
the high standard deviations associated with the peaks in the
Fig. 3~25 data imply higher instantaneous voltages than the
averaged values depicted in Fig. 3-25.

The sequence of events that took place during Run
006-008 are reasonably well understood and are depicted
schematically in Fig. 3-28. This figure presents the actual
measured diffuser-to-ground voltage along with a curve which
represents the ideal generator voltage which would occur _f
there had not been an external arc from the diffuser to ground.
Due to an approximate 2 s delay between fuel injection and seed
injection into the combustor flow, sufficient time is available
to establish steady, unseeded combustion flow in the MHD
channel during start-up. If no electrical faults develop, the
Hall voltage would have reached 25 kV as discussed above. This
is indicated by the solid trace in Fig. 3-28. Instead, an
electrical breakdown from diffuser to ground developed as the
Hall voltage increased in Run 006-008. The exact breakxdown
vceltage is not known from the experimental data due to the long
averaging times of the data acquisition system and panel meter
data. If sufficient informatira about the geometrical
configuration of the region near the electri.al breakdown were
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known, the air breakdown voltage could be calculated. This is
not a critical parameter because the breakdown problem at this
location has since been corrected.

During the period between the electrical breakdown and
the onset of seed flow to the ccmbustor, the external arc is
sustained by passage of a modest amount of current through the
plasma fro. the combustor to the diffuser breakdown location.
Independent assessments of the electrical conductivity in the
plasma during the unseeded period yield an estimate of 0.03 S/m
+ 0.02 S/m. These estimates were arrived at by (1) examination
of the STD THERMOODYNAMICS code family predictions for the
electrical conductivity of the unseeded combustion flame, and
(2) an analysis of the Faraday currert and voltage measurements

during the unseeded portion of Run 006-008 using calculated
values of the gas velocity.

By assuming that the electrical conductivity is rela-
tively constant in tne generator during the unsecded portion of
the run, by assuming that the conductivity 1is relatively
uniform over the channel cross-section, and by taking note that
the measured voltage to ground of anode 1 and anode 10 differ
by 1000 volts (the corresponding difference on the cathode side
is 1200 volts), it s possible to estimate a total current flow
during the unseeded period of approximately 10 + 5 A. Such a
"trickle" of current would be sufficient to maintain the
external arc from the diffuser to ground.

As the seed first enters the combustor, the bulk conduc-
tivity of the plasma increases, and the current available to
the external arc increases substantially. The steady~-state
current in the external arc, corresponding to the time when the
seed flow has reached its steady-state value, is estimated from
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Q3D computations to be in excess of 850 A, and possibly as high
as 1200 A (see Section 3.6). The bur:ing voltage of the
external arc decreases as the current increases, according to
the standard V-I characteristic of electrical arcs. During the
seed-on transient, the voltages to ground of the loaded elec-
trodes in the generator undergo a voltage transient which is
indicated in Figs. 3-25 to 3-27. Unlike these floating
electrode circuits, the diffuser voltage is fixed by the ar:
burning characteristics; and, consequently, the diffuser does
not experience this '"seed-on" transient.

During the HPDE shutdown sequence, the seed vaive is
shut prior to fuel cut-off. As the seed is purged from the
channel, the conductivity required to sustain the high current
discharge gradually diminishes, and the d.ffuser voltage
follows the V-1 characteristics of the external discharge.
Were there are no electrical faults present, the Hall voitage
would again rise to approximately 25 kV. However, the burning
voltage of the arc rises to some lower value, and then the
external diffuser-to-ground discharge is extinguished. When
the discharge is extinguished, the diffuser-to-ground voltage
rises but is intercepted by the voltage trace which would be
present without external electrical discharges. Tais trace
falls as the fuel supply to the combustor diminishes and
combustion ceases.

The practical lesson from all this: over-voltage
protection for many tens of thousands of volts rather than
hundreds or thousands of volts should be provided between power
train and ground.
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3.5 Shock Location

The range of possible mass flow rates and magnetic field
strengths obtained in .he AEDC/HPDE facility allow for
operation in both the supersonic aad subsonic flow regimes.
The nominal operating conditions for the initial testing phase
(described in Section 3.1.1) were designed to insure operation
in the supersonic flow regime. Ideally, the shdcck-down to
subsonic flow would occur dJowustream of the active channel.
While surveying the nominal operating conditions with a code
from the TRANSIENT family, particular attention was given to
following the position of the shock as it -aried with mass flow
rate and magnetic field strength.

Figs. 3-29 and 3-30 are rapresentative of the results of
this study at the 2 T nominal conditiun. The origin of the
axial coordinate for these plots is the burner backplate
(channel exit is at 9.8t m). Fig. 3-31 summarizes the
predicted location of the normal shock during operation at 2 T,
3 T, and 4 T with the nominal operating conditions and various
mass flow rates. It is seen from these figures that the shock
is predicted to 1lie outside the active portion of the
generator, except during 4 T operation. The 4 T shock can be
pushed out of the generator by a small increase of the mass
flow rate within the facility limits. Also s vn are the shock
locations predicted for unseeded operation for the nominal N/O
ratio and for a combustion mixture, designated N/O0 = 1.25,
which simulates the off-desigr conditions for the first hot
flow test of the generator. The data from this test show { a
pressure disturbence indicative of a shock system at
approximately 9.1 m. The STD calculation based on the best
available interpretation of experiment:l conditions predi-cs a
normal shock to exist 1.6 m downstream of the pressure anomaly.
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This is consistent with the empirically determined observation
in supersonic flows that the duct stalls 2-3 diameters upstream
of a normal shock computed by one-dimensionsl gas dynamics.

3.6 Analysis of Run 006-008

During start-up of Run 006-008 an electrical breakdown
from diffuser to ground developed as the Hall voltage increased.
Calcul ons were initiated with codes fron the Q3D family to
determine the leakage current from the diffuser to ground for
this run and the associated power loss due to operating with the
grounded diffuser. An input data set, which contains magnetic
field and load resiotance distributions and thermodynamic data
from the AEDC Data Package [3-9], was constructed for use in
these computations. These inputs are discussed more fully in
Section 3.1.2.

It should be remarked here that this simulation was per-
formed prior to receiving the revised wall temperature scheduiles
of PFigs. 3-6 or 3-7 and as such the calculaticon was done using
the nominal electrode wall temperature schedule of Fig. 3~-4. 1In
addition, the assumption of smooth walls upstream of the gerera-
tor was made according toc the nominal conditionms. Subsequent
simulations of the Rur 005-014 data suggest that the upstream
conditions are more accurately characterized by rough walls.

As a first approximation to simulate the effects of the
grounded diffuser, a series of Q3D computations was performed in
which a constant value of Ix is assumed to exist at each cross-
section of the generator. The actual leakage current would be
determined as that current which yields distributions of normal
current density, power, Faraday voltage, and Hall potential most
closely resembling those measured during the experiment.

30



At the time these calculations were performed, the data
for the electrode potentials during the run appeared to contain
a number of uncertainties. The data from the meter panel and
data acquisition systems were each incomplete. Depending on how
the data were combined, an estimate fcr the Hall potential
difference across the active channel betveen 1100-1600 V might
be obtained. In addition, calculatious to check the load
resistance at several electrode pairs indicated a few
discrepancies between the data from the two systems. Many of
the load resistances inferred from the measured currents and
voltages differ substantially, particularly at the rear end of
the generator, from the values used in the simulations. These
input values were provided to STD on the basis of separate
measurements of load resistance prior to the run and are
documented in Section 3.1.2.

According to AEDC persornel [3-13] there were two causes
of data irconsistencies in Rua 006-008:

(1) The current measurements by the panel
meters are subject to a large uncertainty
because currents of the order of 24 A are
t.ing measured on a 200 A (full-scale) meter,
resulting in approximately a + 5 A uncertainty
ir the reading. -

(2) The current transductors used in the data
acquisition system were probably measuring
such low currents as to be in a nonlinear
range of tL> probe characteristics.

It is important to note that at the time of the STD Run
006-008 simulations, the HPDE might be considered to be in a
'shake-down'" mode in which the data acquisition and reduction
procedures were beirg perfected. Some of the data utilized in
this simulation have been confirmed by AEDC to be inconsisteat.
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These inconsistencies have been corrected by AEDC since the time
of the STD simulations. When the data acquisition system cata
and the meter panel data for Run 006-008 were refined by AEDC,
better agreement with the load resistances was obtaiaed.

Two Q3D runs were made in an attempt to simulate this
experiment: CMSIPUFIKW with I, = 0 and CMSIQBEIKW with I_ = 850
A. The axial variation of the gasdynamic, plasma, and
electrical parameters from CMSIPUFIKW are given in Figs. 3-32
through 3-43. The axial variation of these same parameters
from computation CMSIQBEIKW are given in Figs. 3-44 through
3-55.

Comparison of the axial variations of the gasdynamic
parameters presented in Figs. 3-32 and 3-44 indicates that the
values are nearly the same with a slightly higher velocity,
Mach number, stagnation temperature, and stagnation fressure
from CMSIQBEIKW than for CMSIPUFIKW. Comparison of the axial
variation of the plasma properties in Figs. 3-33 and 3-45
indicates that the Hall parameter is larger at the exit for
CMSIQBEIKW. As seen by comparison of Figs. 3-35 and 3-47, the
Faraday load factor and electrical conversion efficiency are
not identical when there is 2a net Ix. For CMSIQBEIKW, the
Faraday load factor decreases to about 0.4 at the back end of
the channel.

Due to the large value of Ix and power dissipation in
the arc from diffuser to ground, the values of the power
extraction parameters are much smaller for CMSIQBEIKW, Fig.
3-48, than for CMSIPUFIKW, Pig. 3-36. The axial variations of
the electrical field variables in Figs. 3-37 and 3-49 indicate
that the net Ix causes the Hall field to be negative at the
front and back ends of the channel. In addition, the Faraday
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voltage and normal current density are lower with a net Ix.
Comparison of the axial variation of the electrode potential
from Figs. 3-38 and 3-50 shows the effects of a ne: Ix: the
potentials decrease at the front end of the channel (due to

negative Ex); potentials are smaller throughout the channel;
and the differences from cathode to anode (Faraday voltage) are

smaller throughout the channel.

Comparison of the electrode voltage drops in Figs. 3-39
and 3-51 indicates that the voltage drops are the same at the
entrance, but peak at about a 20% lower value for CMIQBEIKW.
Comparison of the electrode boundary layer parameters on Figs.
3-41 and 3-53 indicate that the net Ix causes an increase in
the anode shape factor and a decrease in the cathode shape
factor. Comparison of the sidewall boundary layer parameters
on Figs. 3-42 and 3-54 indicates that the sidewall boundary,
displacement, momentum, and enthalpy thicknesses are all
greater with a net Ix‘

Computation CMSIPUFIKW simulated the conditions which
might have been obtained in the HPDE if the external short from
diffuser to ground had not occurred. Computation CMSIQBEIKW is
a first approximation to simulate the conditionus of Run 006-008
at the time corresponding to T2 of approximately 9.0 s. This
computation is only a first approximation because the actual Ix
caused by the shorted diffuser is not known. Therefore,
precise correspondence between calculated and measured values
cannot be expected.

Fig. 3~-56 illustrates the static pressure distribution,
both measured and predicted, in the active generator. The
excellent agreement of theory and experiment indicates that
there were no large-scale anomalous fluid mechanical phenomena
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present in the channel during this portion of the rum, and
suggest that the differences between the experimental data and
the computations described below may be mainly electrical in
nature.

The measured and predicted potential of the cathode are
depicted in Fig. 3-57. The experimental distribution from the
AEDC meter panel data system was obtained from an AEDC plot,
which is given in Fig. 3-58. It should be remarked here that
the meter data for the potential is unreliable over the first
10 instrumented electrodes, since negative potentials could not
bc accurately measured at the time of the run. Also plotted in
F:g. 3-57 is the cathode potential recorded by the data
acquisition system. Both experimental distributions have been
plotted with an offset from the recorded values such that the
potential at electrode no. 168 is zero.

The Q3D calculationrs as originally planned would
determine the constant value of Ix in the generator such that
the Hall potential difference computed from entrance to exit
compared well with the measured values. The unreliability of
the meter data at ‘he inlet and the sparsity of the data from
the acquisition system at the exit prevents a precise
determination of the potential difference. Simultaneous
consideration of both sets of data indicate a Hall potential
difference of about 1200 V as a reasonable target (see Fig.
3-57). The Q3D calculation CMSIQBEIKW was made with I, = 850
A, nominal wall temperatures, and diffuse current transfer.
The predicted Hail potential shows good qualitative agreement
with the data. Further computations at an increased Ix would
probably lower the potential difference to th. larget value.



Figs. 3-59, 3-60 and 3-61 are plots of the experimental
and the calculated distributions of normal current density,
Faraday voltage, and power respectively. The meter data
distributions were obtained from an AEDC figure, which is
reproduced as Fig. 3-62, while those for the data acquisition
system were taken from [3-9]. Again, there is good qualitative
agreement between theory and experiment for these quantities.
Clearly, the theory and experiment lack quantitative agreement,
especially in the rear-end region of the generator. Possible
causes of this lack of agreement are (1) failure to match Ix’
(2) unreliable electrical data, or (3) the presence of
phenomena not revealed by the present computation.

Certainly, some of the discrepancy is expected since the
Hall potential comparison of Fig. 3-57 indicates that a higher
Ix should be used in the computation. in addition, there are
discrepancies in the experimental data recorded by the two
measuring systems. Perhaps this is best illustrated ir the
current and voltage graphs of Figs. 3-59 and 3-60. While the
voltage measurements at T2 = 8 s agree fairly well, the current
distributions vary differently along the channel. In addition
to the fact that the data is in some instances perhaps not yet
well understood, the vccurrence of additional phenomena such as
internal shorting and current loops (resulting in nonconstant
Ix) in the generator cannot be excluded. STD computation
CMSIQBEIKW utilized a leakage current of I, = 850 A to predict
a Hall potential difference of approximately 1400 V. An
additional estimate for the magnitude of Ix can be obta- .ed
from the equation

= Vo
I, 'y L
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where L is the length over which the short occcurs and A is the
cross sectional area occupied by the current. At the back end
of the channel a typical cross sectional area is 0.8 m2. The
measurements from the data acquisition system at T2 = 8 s
indicate an anode to ground potential (V) of approximately 1400
V at 6.22 m from the first 1loaded electrode. The aaial
distance from this station to the diffuser (grounded) is 2.67
m. STD computations yield an electrical conductivity ( ) in
this region of approximately 3 S/m. Assuming the Jeakage
current fills the entire cross-sectional area of the channel,
application of Eq. (1) yields Ix = 1300 A. Similarly, at the
front end of the generator typical values of the cross-
2 and 11 S/m,
respectively. The experimental data at T2 = 8 s indicates an
anode to ground potential of approximately 400 V at 1.82 m from
the channel inlet. Using these values, application of Eq. (1)
predicts a leakage current of 340 A.

sectional area and gas conductivity are 0.14 m

To obtain a valid value of the leakage current and its
effects, it is necessary to take into account the structure and
location of the 1leakage current with sophisticated models.
Although the bulk conductivity -~veraging presented in the
previous paragraph is crude, the order of magnitude of the
leakage current may be estimated.

3.7 Steady State Q3D Simulation of Run 006-014

AEDC Run 006-014 was a powered run of 8 seconds duration
which arced in the breech at approximately 5.3 s after the seed
entered the channei. The experimental data show two distinct
performance regimes (see Figs. 3-63 to 3-72)

(1) A period between 4.5 ( T, < 5.21 s in which
the channel is ungrounded and the data \is
relatively steady in time.
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(2) A period between 5.5 < T: € 6.5 s in which
the channel is operating in a grounded condition.

The Q3D simulations performed under this contract have
pertained only to the channel performance when in the
ungrounded condition.

The input data for the Q3D simulations are fully
described in Section 2.1.2. These data were obtained by
averaging the experimental data over the time period 4.54 < T2
£ 5.21 s. The effect of the bleed resistor was accounted for
in the calculation with a constant axial current of 23.54 A.
This value was obtained from the average diffuser-to-ground
voltage (9416 V) and the known resistance of the #12 wire used
as the bleed resistor (400 ohms).

Heat transfer measurements by AEDC personnel have
resulted in a modified electrode surface temperature as shown
in Fig. 3-6. The sparseness of the heat transfer data
prohibits exact specification of the electrode surface
temperature. The Q3D simulations have, at the suggestion of
AEDC personnel, used temperatures corresponding to the 450
Btu/ftz-sec and 50 Btu/ftz-sec curves (at T = 5 s) at the inlet
and exit flanges respectively. A linear variation of
temperature with axial 1location was assumed between these
po ats. The nominal temperature distribution was retained for
the insulating walls (Fig. 3-4).

A list of the nominal load resistances, supplied by

AEDC, is contained in Table 3-7 for runs subsequent to Run
006-006. These values of resistances have been normalized *, a
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nominal water conductivity factor of 150 ps/cm. Also listed in
Table 3-7 aire the average load resistances obtained from the
experimental data at these locations. To conform as closely as
possible to the experimentally observed values of the load
resistance, and yet retain the detailed electrode-by-electrode
distribution provided by the nominal schedule, STD adjusted the
nominal schedule with a conductivity factor of 159 pus/cm for
these initial <calculatiors. This agrees with the conductivity
values derived from the data acquisition system values for
Faraday voltage divided by Faraday current over the first 168
electrode pairs. The load schedule used in these simulations
appears to be at variance with the experimentally indicated
values in the downstream half of the generator, and the
performance predictions may be expected to be less reliable
toward the aft end of the generator. A plot of input 1load
resistance schedule and the resistance as determined by the
experimental data at each instrumented electrode pair is given
in Fig. 3-86.

Three Q3D calculations have been made during the
theoretical simulation of Run 006-014:

(1) STD Computation BTAYUYDJBE: assumes all walls
prior to inlet flange can be characterized as
smooth walls. Inlet boundary layer thickness
is 18 mm. Enthalpy 1loss upstream of the
generator inlet flange is 5.7%.

(2) STD Computation CHPQUUUJBQ: assumes roughness
of all walls prior to generator inlet flange
can be characterized by an equivalent sand
roughness of 3 mm. Enathalpy loss upstream of
generator inlet flange increases to 7.2% and
inlet boundary layer thickness increases to 44
mm. (See Section 3.1.2.5).
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(3) STD computation CHPQQFLJDV: Assumes roughness
of all walls prior to generator inlet flange
can be characterized as smooth walls. Inlet
boundary layer thickness is 18 mm. Enthalpy
loss upstream of the generator is increased to
7.2% to account for a 3% combustion
inefficiency due to incomplete droplet-burnout,
as discussed in [3-14]. The chemistry was
maintained the same, however.

Figures 3-74 to 3-89 contain the results of a typical
Run 006-014 simulation calculation (CHPQUUUJBO) in the form of
axial profiles of the key gasdynamic and electrical variables.
Fig. 3-75 shows that the Faraday 1load factor, K, decreases
along the channel from approximately 0.7 to 0.6. Figs. 3-76
and 3-77 show that the interaction parameter based on velocity
and the interaction parameter based on pressure achieve values
at the end of the channel of approximately 2.3 and 0.95
respectively. This interaction is sufficiently high to cause
noticeable electrode boundary layer asymmetries (e.g., the
electrode shape factors in Fig. 3~79) and nearly zero blockage
at the channel exit (Fig. 3-76). Fig. 3-86 shows that the
generator power output under these conditions is approximately
22 Mw. Maximum normal current densities and Hall fields of
approximately 0.7 A/cm2 and 2.0 kV/m respectively exist at
steady-state conditions (Fig. 3-87). Fig. 3-89 indicates that
boundary layer voltage drops in excess of 2000 V may exist at

the end of the generator for this relatively cold wall
operation.

The boundary layer voltage drop measurements are perhaps
not sufficiently refined at the present time to discriminate
between various models of current transport at the walls. The
diffuse discharge model selected for the Q3D simulation of Run
006-014, has yielded voltage drops within the range of
uncertainty of the data and has been approximately confirmed
with the more sophisticated FIN and ARRAY calculations
described in Section 4.5.
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3.8 Steady-State TRANSIENT Simulation of Run 006-014

Under conditions of higher interaction than were
studied with Q3D in the neighborhood of the Run 006-014
operating conditions, the flow will become transonic in the MHD
generator. The Q3D family of codes requires additional
computational resources to iterate on the downstream pressure
condition in transonic or subsonic flows. To economize, the
high interaction cases for the Run 006-014 parametric study
were carried out with the TRANSIENT family of codes, with the
quasi-steady option. The starting point for the TRANSIENT
parametric variations is a simulation of Run 006-014 utilizing
data generated by the Q3D simulationn CHPQUYDJBE to account for
multidimensional phenomena. Figures 3-90 through 3-98 are
plots of the results of a computation, BRCYTRCJEB, with a code
from the TRANSIENT family to simulate AEDC Run 006-014. The
origin of the axial coordinate in these graphs is the burner
backplate. The first loaded electrode is at x = 2.7 m and the
last is at x = 9.4 m (see Fig. 3-90). These calculations were
made for conditions similar to those of CHPQUYDJBE (smooth
walls upstream of generator and 100% efficient combustion),
which were discussed in the previous section.

Most of the key parameters resulting from TRANSIENT
simulations shown in Figures 3-90 through 3-98 are also quite
comparable to the Q3D simulation CHPQUUUJBO, which was
described in the previous section. In particular, Figure 3-96
shows that a maximum current density of 0.685 A/cm2 and a
maximum Hall field of 2.005 kV/m are predicted with the
TRANSIENT code. This compares well with the Jy,max of 0.7
A/cm? and the Ey max Of 2-007 kV/m predicted with Q3D (see Fig.
3-87). Similarly, the exit Mach numbers predicted by TRANSIENT

and Q3D are 1.73 and 1.74, respectively (Figs. 3-78 and 3-91).
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These figures also show the shock is located 10.74 m from the
burner backplate. The total heat loss to the wall predicted by
TRANSIENT is 31.4¢ MW, while that predicted by Q3D is 30.97 MW.
The TRANSIENT calculation yields 23.6 MW for the integrated
power output while the Q3D calculation CHPQUUUJBO predicts 21.3
MW or a difference of approximately 10%. Most of this
discrepancy is due to the pre-generator wall roughness
characterization which was for smooth walls in the TRANSIENT
calculations and for rough walls in CHPQUUUJBO. The power
output from the TRANSIENT calculation is more comparable to the
result of the Q3D simulation CHPQUYDJBE, 24.6 MW.

The simulation of the generator operation with the
TRANS{ENT code is useful because it gives a broader view, if
with slightly less detail, of the entire flow train. It should
be noted that the accuracy of TRANSIENT and the agreement
between results from computations with the TRANSIENT and Q3D
code families 1is due to inputs to TRANSIENT from Q3D
calculations to account for fundamentally multidimensional
phenomena such as wall losses and plasma nonuniformity factors.

This is necessary to ensure the accuracy of any quasi-one-
dimensional calculation.

3.9 Comparisor of Rum 006-014 Measurements with Q3D
Simulations

The res'lts from Q3D computations discussed in Section
3.7 were analyzed and compared to the experimental data from
HPDE Run 006-014. In this section the results of this
comparison are presented with emphasis placed on two Q3D
calculations, CHPQUUUJBO and CHPQQFLJDV. The conditions and
underlying assumptions for these separate computations (see
Section 3.7) are identical except for the following:
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(1) The inlet boundary layer thickness and enthalpy
flux are determined by a smooth wall boundary layer
calculation upstream of the generator for
computation CHPQQFLJDV (rather than rough with 3 mm
equivalent sand roughness assumed in CHPQUUUJBO).

(2) A 3% combustion inefficiency due :o incomplete
droplet-burnout is assumed for computation
CHPQQFLJDV (rather than a 100% efficient combustor
assumed in CHPQUUUJBO).

The experimental data for the static pressure, a primary
measurement of the data acquisition data, during the time after
ignition, 4.1 £ T2 £ 5.2 s is given in Fig. 3-99. The static
pressure is a primary measurement of the data acquisition data.
The axial coordinate in Fig. 3-99 is referenced to the
generator inlet flange. Also given in Fig. 3-99 are the axial
distributions of static pressure from ccmputations CHPQ.UUJBO
and COBQQFLJDV. There 1is excellent agreement between the
experimental and the computed values throughout the channel.

The experimental HPDE meter panel dzta from Run 00 014
at T2 = 4.8 s are compared to the values obtained from
computations CHPQUUUJBO and COBQQFLJDV in Figs. 3-100 through
-~ 111. The axial crordinate in these figures is referenced to
the inlet flange. The Faraday vcitage (Fig. 3-100) and the
current per electrode (Fig. 3-101) are primary measurements of
the meter panel data. The normal current density (Fig. 3-102)
and the integrated power output (Fig. 3-105) are determined
from the primary measurements and other geometrical data. The
computed values from computations CHPQUUUJBO and COBQQFLJDV
fall within the measurement tolerances of the experimental
values. Some local discrepancies of up to 5% are evident, but
it is our Jjudgment that the accuracy of the input data,
especially for load resistance, as well as the + 2% fluctua-
tions in curreant and voltage during the period 4.5 s <« T2 <
5.21 s could explain such differences. As shown in Fig. 3-100,
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the computations tend o underpredict the Faraday voltage in
the front half of the generator. This can b¢ explained by
consideration of the uncertainty of the channel loading.

The difference between the voltage-curient characteri-
stics measured by the two data-gathering systems and the
nominal values is discussed in Sectior 3.7. Th:» calculatec
values of the load resistances from the meter pancvl data yield
values that are typically 10% higher than those computed from
the data acquisition system (see Fig. 3-103). This is
especially true in the latter third of the generator. In
addition, the value of a load resistance computed at a
particular electrode pair can vary 3-5% with time.

A rough calculation, under the assumption that the fluid
properties change only slightly at this rather low interaction
level, indicates that if the downstream load resistance were
matched more accurately, a lower current and a higher Faraday
voltage could be expected, the differences being approximately
3-5%. The integrated power output, shown in Fig. 3-105 would
be relatively unaffected (the difference is estimated “o be
less than 1%) by this adjustmen:t to input load resistance.

The integrated power distribution for the meter panel
data measurements can be regarded as approximate, but better
than the distribution obtained from the data acquisition system
measurements. These points were calculated by numerically
integrating the power through the 1loads for the instrumented
electrode pairs. To obtain a value for the integrated pow:r,
the power was assumed to vary linearly between each set of
instrumented electrodes (10 electrode pairs apart). The
scatter in the power per electrode measured by the meter panel
data, and plotted in Fig. 3-10°, indica’es that such a regular
behavior is probably a weak assumption.
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Computation CHPQUUUJBO simulated a bleed resistor from
the diffuser-to-ground with a net aiaial current o 24 A. The
power digssipated ia this bleed resistor was calculated to be
0.2 MW by JCHPQUUUJBO. This ic less than 1% of the power
produced in the channel.

It should be reemphasized that these preliminary
computations have ar’sumed Jiffuse-mode current transfer. At
te relatively cold electrode surface temperatures indicated by
the experiuwental heat transfer measurements to this point, arc
mode <urrent transfer is a distinct possibility, particularly
on the anodes, and should be¢ considered. This will be
discussed further in Section 4.5 This will be discussed
further in Section 4.5. The reaalts described in Section 4.5
further suggest the possibility of the existence of very small
arcs, particularly on the anodes.

The axial distribution of total electrode voltage drop
frcm computation CHPQUUUJBO is given 1in Fig. 3-106.
Experimental vaiuges of total voltage drop, obtained from the
HPDE program manager, at four axial locations are also given in
this figure. The electrode voltage drops computed by STD
Computation CHPQUUUJBO appear to agree with the measured
voltage drops within the experimental tolerances.

The axial distributions of centerline, cathode, and
anode electrical potential are given in Figs. 3-107, 3-108, and
3-109, respectively. The potentials have been adjusted to set
grouni (0.0 V) at the centerline of the first loaded electrode
pair. There is excellent agreement between the meter panel and
the results of computation CORQQFLJDV. Also given on Fig.
3-109 are the data obtained by the data acquisition system for
the time period 4.1 < Tz £ 5.2 s,
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TABLE 3-1

Channel Electrode Width

Electrode Reference Electrode Width** No. of Electrodes
No. * (m)
=30 to 26 0.0254 57
27 to 58 0.01905 32
59 to 162 0.01588 14
163 to 394 0.0127 232
395 to 444 0.0254 50
445 to 454 0.02223 10

*Electrodes are numbered consecutively upstream and downstream
from elecirode 0 whick is the first electrode connected to a
load.

** The insulater thickness is 1.52 mm between adjacent
electrodes

0-4355



TABLE 3-2

Nominal Flow Rates of Combustion Gases

Component Flow Rate
Fuel 5.649 kg/s
Oxidizer 37.247 kg/s
Seed 2.069 kg/s
N2/O2 1.0
Pilot (084) 0.034 kg/s
Seed Concentration 0.454 kg KOhH/kg C830H

Total enthalpy of combustion gases (no losses) 271.7 MW

Specific enthaipy of combustion gases 6.04 MJ/kg (adiabatic
conditions)

Ttlame (6 atm) = 3021 K

0-4356
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TABLE 3-3

Nominal Magnetic Field Used for AEDC Simulations

(B(H2A) + B(H3A),,

Run no. ) Time Interval Ref.

006-006 1.537 4.5 (T, < 7.5 [3-8]
006-008 2.327 9.5 < T, £ 10.2 [3-9])
¢06-010 2.697 4.0 £ T, < 4.5 [3-10}
€06-013 2.810 4.5 < Ty, £ 5.5 [3-11]
006-014 3.231 4.5<T, 5.3 [3-11}

*Due to nonlinear behavior of the instrumentation, the numbers
presented in this table are slightly in error. Refined data,
[3-12], were not available at the time these simul>tions were
performed.

0-4357
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TABLE 3-4.

A. HPDE Load Resistance Settings for Runs Prior to 006-008

Electrode | Reference Date Electrode | Reference Date
No. Resis. Q 1979 No. Resis. 1979
(K = 150) (K = 150)
-24 Open (=) Oct.10 17 28 Oct.10
-23 18 30
-22 19 28
-21 20 28
-20 . 21 30
-19 22 L
-18 23 3
-17 24 30
-16 25
-15 26
~14 27 39
-13 28 37
-12 29 39
-11 30 41
-10 31 39
-9 32 37
- 8 | 33 39
-7 34
-6 35
-5 36
- 4 37
-3 38
-2 39
-1 ﬁ 40
0 28 41
1 30 42 * *
2 30 4C 38 Oct.11
3 28 44
4 30 45
5 46
6 47
7 48
8 49
9 28 50
10 30 51
11 52
12 53
13 54
11 55
15 28 56
16 30 , 57 & t
N-4330
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TABLE 3-4. (cont.)
Electrode | Reference Date Electrode | Reference Date
No. Resis. @ 1979 No. Resis. 1979
(K = 150) (K = 150)

58 -8 Oct.11 102 53 Oct.1l5
39 47 103 51

60 104

61 105

62 100 53

63 107 56

64 50 108 58

65 47 109 53

66 50 110 51 4
67 47 111 50 Qct.1l6
68 112 50

69 113 52

70 114 50

71 50 115

72 47 116

73 117

74 118

75 119 52

76 120 50

77 121

78 122 i

79 * 123

80 50 124 l

81 51 Oct.15 125

82 126

23 127

84 128 52

85 129 50

86 130

87 53 131

88 51 132

89 133 52

90 134 52

91 135 50

92 53 136

23 51 137

94 138

95 139

96 140

97 141

98 142 48

99 143 52

100 144 50
101 { 145 52 6

0-4330-1
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TABLE 3-4. (cont.)

52

Flectrode | Reference Date Electrode | Reference Date

No. Resis. 1979 No. Resis. 1979
(K = 150) (K = 150)

146 50 Oct.16 190 67 Oct.17
147 52 191 69
148 52 192
149 50 193
150 52 164 64
151 195 67
152 196
153 197 69
154 50 198 67
155 199 69
156 200 69
157 5 201 67
158 50 202 69
159 203 67
160 204
162 205
162 ' 206 69
163 67 207 ‘
164 V 208
165 Oct.17 209 67
166 210 62
167 | ] 211 69
168 69 212 67
169 67 212 67
170 214 64
171 215 69 |
172 69 216 67 '
173 67 217 63 Oct.18
174 218 65
175 219
176 220
177 69 221 Y
178 67 222 63
179 69 223 65
180 67 224
181 69 225
182 67 226 '
183 69 227 68
184 67 228 65
185 229 68
186 230 68 !
187 231 65 i
188 232 65 ‘
189 ] 23 68

0-4330-2




TABLE 3-4. (cont.)

Electrode | Reference Date Electrode | Reference Date
No. Resis. @ 1979 No. Resis. @ 1979
(K = 150) (K = 150)
234 68 Oct.18 278 69 Oct.18
235 65 279 865
236 65 280 68
237 63 281 63
238 85 282
239 283
240 284 65
241 285
242 286
243 287 68
244 288 65
245 63 289
246 65 290
247 201 63
248 292 65
249 293
250 6 294
251 65 295
252 68 296 68
253 65 297 65
254 298 68
255 299 70
256 300 68
257 301 65
258 302 65
259 303 63
260 304 63
261 305 65
262 306 63
263 307 65
264 308 68
265 309 63
266 ' 310 65
267 68 311 68
268 65 312 70
269 68 313 65
270 65 314
271 315 ‘
272 316 67
273 68 317 67
274 63 318 63
275 65 319 68
276 63 320 63
277 65 # 321 65
0-4330-3
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TABLE 3-4. (cont.)

Electrode | Reference Date Electrode | Reference Date
No. Resis. Q 1979 No. Resis Q 1979
(K = 150) (K = 150)
322 70 Oct.18 367 70 Oct.19
323 65 368 68
324 68 369
325 68 370
326 65 371
327 63 372
328 68 373 66
329 65 374 70
330 65 375 63
331 70 376 89
332 68 377 91
333 65 378 89
334 63 379 89
335 65 380 105
336 65 381 103
337 382 108
338 383 127
339 384 152
340 385 164
341 386 176
342 70 387 Open («)
343 68 388
344 65 389
345 68 380
346 65 391
347 65 392
348 63 393
349 68 394
350 63 395
351 68 396
352 65 397
353 58 398
354 68 399
355 65 400
356 68 401
357 65 ' 402
358 70 Oct.19 403
359 70 404
360 68 405
361 70 406
362 70 407
363 68 408
364 409
365 410
366 70 i, 411 | %
0-4330-4
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TABLE 3-4. (cont,)

Electrode | Reference Date
No. Resis. Q 1979
(K = 150)

412 Open («) Oct.19
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
450
451
452
453

255 i i

0-4330-5
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TABLE 3-4.

(cont.)

B. HPDE Load Resistance Settings for Runs
Subsequent to 006-007

Electrode | Reference Date Electrode | Reference Date
No. Resis. Q 1979 No. Resis. Q 1979
(K = 150) (K = 150)
336 Open (=) Oct.1l8 377 142 Oct.18
337 378
338 379
339 380
340 381
341 382
342 383
343 384
344 385
345 386
346 387
347 388
348 389
349 390
350 391
351 392
352 393
353 394 Y
354 395 112
355 356 110
356 * 397 112
357 65 398
358 101 399
359 96 400
360 100 401 Open (=)
361 102 402
362 102 403
363 27 404
364 100 405
365 102 406
386 102 407
367 102 408
368 100 409
369 100 410
370 102 411
371 100 412
372 142 413
373 414
374 415
375 416
376 142 ] 417 ! ]
0-4330-6
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TABLE 3-4. (cont.)

Electrode | Reference Date
No. Resis. 1979
(K = .50)

418 Open (=) Oct.18
419
420
421
422
422
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455 \

0-4330-7
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TABLE 3-3

Water Conductiviiy in Load 3uckets for AEDC Experiments

Run No. Krun (uS/cm) Ref.
£06-006 178.0 [3-8]
006-008 175.4 {3-9]
00G6-010 178.6 [3-11])
006-011 approx. 182.0 [3-11]
006-012 172.4 [3-11]
C26-013 150.0 [3-15])
t06-014 160.0 (3-16])
0-4358
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TABLE 3-6

Flow Rates of Combustion Gases and
Runs 006-008 and 006-014

Component Run 006-008
Fuel (kg/s) 6.60
Oxidizer (kg/s) 40.99
Seed _kg/s) 1.84
Pilot (CH4) (kg/s) 0.034
N2/O2 ratio 1.0
Seed Concentration 0.3

(kg KCH/kg CHSOH)

Equivalence Ratio

(fuel lean) 1.5
Total enthalpy of combustion

gases (no losses) (MW) 299.3
Specific enthalpy of

combustion gases (MJ/kg) 6.05
Tflame (6 atm) {K) 3048

0-4359

S9

006-014
6.84

39.82
2.54

0.034

0.929

0.3

303.8

6.16
3063



TABLE 3-7
Load Resistances for AEDC Rumn 006-014

Data Averaged
Acquisition Electrode Nominal Experimental Indicated
Station Pair Resistance Resistance Conductivity
Number Number (K., = 150) 4.54 < T2 < 5.21 Factor
?ohms) {(ohms) (uS/cm)
1 42 39.1 36.64 160.0
2 84 50.9 48.19 158.4
3 126 50.0 47.97 156.3
4 168 69.1 65.63 157.8
S 210 61.9 61.25 151.6
6 252 67.8 66.02 154.0
7 294 65.5 65.82 149.3
8 336 65.5 65.70 149.5
9 376 141.6 153.71 138.2
0-4360
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Fig. 3.10. Electrical power output as a function of mass flowrate and
magnetic field for the nominal operating conditions of the
AEDC/HPDE, Code families: TRANSIENT and Q3D. Codes: QS
(solid symbols) and Q3DXY - Q3DXZ .,pen symbols). &all
computations completed before 18 September 1979.
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Q3D

Axial variation of the channel geometry in the AEDC/

HPDE at the nominal 2 T operating conditions:

calculation.

Fig. 3-12.
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Ax3i1l variation of the centerline gasdynamic variables
Q3D calculation.
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Fig.
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Q3D

Axial variation of the plasma parameters in the AEDC/

HPDE at the nominal 2 T operating conditions:

calculation.
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Fig.
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the AEDC/HPDE at the nominal 2 T operating conditions:

Axial variation of the power extraction parameters in
Q3D calculation
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field variables in

the AEDC/HPDE at the nominal 2 T operating conditions:

Axial variation of the electrical
Q3D calculations.
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Q3D cal-

Axial variation of the electric potential in the AEDC/

HPDE at the nominal 2 T operating conditions:

culation.

Fig. 3-20.
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Axial variation of the electrode boundary layer para-

meters in the AEDC/HPDE at the nominal 2 T operating

conditions:

3-22.

Fig.

Q3D calculation.
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SHOCK LOCATION
AXIAL DISTANCE FROM BURNER BACKPLATE, m

NOTE: A rule of thumb in supersonic flows is that a duct stalls 2-3 diameters
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upstrean of a noraal shock cosputed by one-dimensional gas dvnasics. (W~ 1.5-5)
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Fig. 3-31. Position of the normal shock as a function of mass flow rate and

9-3218a

magnetic field for the nominal operating conditions of the
AEDC/HPDE (except for the "NO SEED" point.) Code family:
TRANSIENT. Code: TQS.

21




STD RESEARCH CORPORATION

) | ¥ \ ] T | “
=
L o
] “
- o
v
W
u —t
<= | 5
= = -
<o
>e
235 L ™ i < (o) =
E3 "
£4
HhE >
= 3
28
(/ il
- '’
- 4
Wt
5 A -
¥ Y L L - v Y L -]
09 833 00°3 EYRXS 081 83°1 001 9c" os° Y3 —. 000"
N CHIENNN HIUYW
- - Lg J - | gl « ‘ - ¥ . - - ¥ - ¥ . .
00° 03¢ 00-0o1¢ 00 on..m._.._ 00° 063 00° 083 00 n w?u o ._.oo. mﬂ«: rmm.ouum_w \ mw w.uuh s 00- 0632 N 00° 022
00°02¢ 0C°OtE oo.o.._.m._l 00° 082 ae.em«H s 295842 utﬁomm*ﬂmtmﬂoﬂwuhmﬂ.%&w.m 00° 062 m 00° 0Z2
.. XX-T-F} 00° oZ2 00° 002 00 9Lt 00-odt oo-a2t 00°0d1 00°deL oo ds oo.um‘ﬂv Q00
101w (B/W) N *AL123073A THIXY
00° 00} 00°08 00° 0@ 00°0¢ 00° 00 0008 00° Oy 00° 06 00° 02 oo.mﬂ‘mw 00-0
sOTm {Ud) d *3¥NSS3ud JI141U1lS
+ 001 * 0 0° 00 0° 0/ -0 +09 * Of * g +dz cO% B
00e 00708 00 Chym 0070 0070 83 %%0a4 Julssadd Noiivhosis 0 Q 0
00 oe" i o °F  ewl8u) o’ as1onfa seu®® or- )] o0

X (M)
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s l D RESEARCH CORPORATION

g CENTERLINE GRSDYNAMIC VARIABLES
: HPDE RUN 006-014
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Fig. 3-99. Comparison of the axial distributions of static pres-
sure from the data acquisition system and STD simula-
tions of HPDE Run 006-014.
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: HPDE RUN 006-014
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Fig. 3-100. Comparison of the axial distributions of Faraday volt-
age from the experimental data and from STD simulations
of HPDE Run 006-014.
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s T D ALSEARCY CORPORATION
ELECTRICAL STRESSES ON THE ELECTROOES
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Fig. 3-101 . Comparison of the axial distributions of current per
electrode from the experimental data and STD simula-
tions of HPDE Run 006-)14.

161



STD RESEARCH CORPORATION

g ELECTRICAL FIELD VARIABLES
. HPDE RUN 006-014
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Fig. 3-102. Comparison of the axial distributions of normal current
density from tl : experimental data and STD simulations
of HPDE Run 00t -014.
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HPDE RUN 006-014
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Fig. 3-103. Comparison of the axial distributions of load resist-

ance from the experimental data and STD simulations of
HPDE Run 006-014.
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STD AESZARCH CORPORATION
POWER EXTRACTION PARAMETERS
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Fig. 3-104. Comparison of the axial distributions of power per
electrode from the experimental data and STD simula-
tions ot HPDE Run 006-014.
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POWER EXTRACTION PRRRAMETERS
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Fig. 3-105. Comparison of the axial distributions of integrated
power output from the experimental data and STD simu-
lations of HPDE Run 006-014.
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Fig. 3-106. Comparison of the axial distributions of 2-J electrode
voltage drop VD(V) for HPDE run 006-014.
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Fig. 3-107. Comparison of the axial distributions of centeriine

potential from the experimental data and STD simula-
tions of HPDE Run 006-014.
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Fig. 3-109. Comparison of the axial distributions of anode (STD
notation) potential from the experimental data and
STD simulations of HPDE Run 006-014.
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4.0 CRITICAL PHENOMENA IN THE AEDC/HPDE

The experimental results of the AEDC/HPDE to date
reveal the importance of a number of performance~controlling
mechanisms 1in large-scale, high-interaction MHD power
generators. Among these are boundary layer voltage drops and
plasma nonuniformity, near-electrode phenomena including finite
electrode effects, end effects, and the effects of various
operating parameters on the optimization of the HPDE
performance. This section is devoted primarily to the
elucidation of these effects through comparisons with and
parametric variations from the experimental operating
conditions of HPDE Run 006-014.

4.1 PARAMETRIC VARIATIONS AROUND THE Q3D SIMULATION OF RUN
006-014

The successful completion of the Run 006-014
simulations gives an opportunity to exploit the computer models
to predict performance in other operating regimes. Using the
results of the detailed Q3D simulation of HPDE Run 006-014
described in Section 3.7 as a starting point, single-parameter
variations in wall temperature, load factor, N/O ratio, mass
flow rate, and magretic field have been carried out. These
computations demonstrate the sensitivity of HPDE performance to
most of the operating conditions under the control of the
experimentalists.

Fig. 4-1 presents the results of the parametric
computations. All of the computations represented in Fig. 4-1
are variations from computation CHPQUUUJBO, which is the
nominal, simulation of HPDE Run 006-014. The Faraday load
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factor distribution was altered to a constant value of 0.55
(computation COBQFRQJEA), 0.60 (computation COBQAVWJDY), and
0.70 (computation COBQBGDJDY . The electrode wall surface
temperatures were increased to a constant value of 1250 K
(computation COPQRPHJBJ), to a constant value of 1500 K
(computation COBQJQKJDY), and to a constant value of 1750 K
(computation COBQDTBJD1). Also shown is computation
COBQAIYJEl, in which the electrode wall surface temperatures
were assumed to rise to "20-sec" values, which were determined
by the same method applied to obtain the '"5-sec'" values of the
nomiral simulations. The peak magnetic field strength was
increased to 4.02 T (computation COBQLRNJDZ) and to 4.28 T
(computation COBQIJOJEA). The N/O ratio was decreased to 0.80
(computation COBQMLZJDZ) and increased to 1.00 (computation
COBQIFBJEA). 1In contrast to the other parametric computations,
the N/O variations were centered about computation COBQAVWJDY
with a constant load factor of 0.60.

These new computations have shown that a constant
Faraday load factor of 0.60 yields slightly better performance
than the nominal simulation, which has a varying load schedule
with an average load factor of approximately 0.61. A constant
Faraday load factor of 0.70 yields worse performance. A load
factor of 0.55 increases enthalpy extraction at the expense of

isentropic efficiency.

As shown in Fig. 4-1, an increase in wall temperature
to 1500 K results in higher values for both enthalpy extraction
and 1sentropic efficiency than for the nominal simulation or
the simulation witih 20 second wall temperatures, but lower
values than for 1750 K walls.
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An increase in mass flow rate to 55 kg/s results in
lower isentropic efficiency and lower enthalpy extraction
ratio. While a computation with decreased mass flow rate was
not carried out, it is clear that some improvement in the
performance would probably be obtained by dropping the mass
flow rate under the Run 006-104 ~onditions. The reason is that
a reduction in the mass flow rate would drive the Mach number
distribution toward the optimum, which in the case of the
AEDC/HPDE appears to be transonic (see Sec. 4.4).

An increase in magnetic field strength (COBQLRNJDZ)
results in higher values for both generator isentropic

efficiency and enthalpy extraction ratio.

A variation of N/O ratio to 0.80 leads to an increase
in enthalpy extraction ratio, but a decrease in isentropic
efficiency. The opposite is observed with an increase in N/O
ratio to 1.00.

It is important to distinguish the genrrator
isentropic efficiency displayed in Fig. 4-1, which expresses
how efficiently the generator made use of the total pressure
drop across the generator, with the power train isentropic
efficiency, which expresses how efficientiy the generator made
use of the pressure drop from the combustor to atmosphere. The
latter quantity varies almost directly with the enthaipy
extraction rate and is perhaps less informative than the
gererator efficiency. The results in Fig. 4-1 are easily
interpreted if this distinction is kept in mind.

The conclusion from this survey is that, at least in

the neighborhood of the Run 006-014 operating point, the
pay-off from providing hot walls 1in this experiment is
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significant and justifies a change in operating procedures or
hardware to achieve elevated electrode surface temperature. It
is apparent that increases of the magnetic field and electrode
surface temperatures are the primary means of attaining both
the enthalpy extraction and isentropic efficiency goals of the
HPDE.

There are methods for mitigating the voltage drops,
even in cold-wall designs (e.g., load schedule optimization).
The sensitivity of the electrode voltage drops to the
parameters studied thus far are described in the following
section.
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4.2 Parametric Dependence of Electrode Voltage Drops and
Plusma Uniformity

The Q3D parametric survey of performance around the
Run 006-014 conditions provides opportunity to investigete the
sensitivity of the electrode voltage drops and the plasma
nonuniformity to the important parameters of the experiment.
In this section, the wall temperature, magnetic field, and lcad
factor dependence of the total electrode voltage drop and two
parameters, which characterize the effects of the plasma
uniformity on generator performance, are examined. Before
investigating the sensitivity of the total electrode voltage
drop and the two nonuniformity factors to these three
variables, it is useful to review the importance of the voltage
drops and the nonuniformity factors in characterizing the
performance of the MHD generator.

The primary importance of the electrode voltage drop
is that it is a measurable quantity. The electrode voltage
drop is measured by subtracting the Faraday voltage from the
total transverse voltage one would obtain by extrapolating the
core electric potential gradient all the way to the walls.
Clearly, high electrode vcoltage drops correspond to reduced
power production. However, there is not a simple way of
rzlating the magnitude of the electrode voltage drops to the
reduction in power output. Nevertheless, because the electrode
voltage drops are measurable and give an indication of the
power penalty for given operating conditions, it is a useful
parameter to compute and to compare with the experimental data.
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The contributing factors to the electrode voltage drop
may be easily seen in the simplified MHD electrical equations.
We can express the electrode voltage drop in terms of the

formula for the transverse electric field Ey:

2
= }-LE - -
Ey p Jy + UB - BE, (4-1)

It is seen from this formula that the voltage drops are equal

to the difference between the centerline value of Ey and the

cross-sectional average value of E since the Faraday voltage

y)
is simply the average transverse electric field, <Ey>
multiplied by the transverse dimension of the channel, D. Thus

the voltage drop is expressed as follows:

Vq = D{ (Eg), - <Ey>}
([ b5, [o-cwle-[we )]s}

It is seen from this formula that the electrode voltage drop

(4-2)

can be considered to be composed of three components. These
components are: the current density times the effective
resistivity difference of the cross—section,

2 2
148 © 1+
[T
the induced field deficit in the boundary layers
[~ (u)]e (4-4)

and the variation of the Hall parameter through the electrode
boundary layers due to pressure and temperature gradients in
the boundary layers,
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[(B)Q- (ﬁ)] E, (4-5)

It is perhaps interesting to tabulate these components
of the electrode voltage drops under various conditions.
However, the variation of these expressions does not yield a
great deal of insight or quantitative information about the
effects of experimental parameters upon the overall performance
of the generator. Again, this is because the electrode voltage
dreop itself is not simply related to the performance of the MHD
generacor. Also, because Jy and Ex are factors in these
expressions which are themselves affected by the voitage drops,
these expressions can hardly be called intrinsic
characteristics of the channel or useful indications of the

performance penalties associated with the voltage drops.

A much more useful quantity for expressing the effects
of experimental parameters on the generator performance is the
plasma nonuniformity factor. The plasma nonuniformity factor
is defined as

2
G = (o) (LB - (p)? (4-6)

where the brackets indicate cross-sectional averages of the
quantities enclosed within. The concept of the plasma
nonuniformity factor is a generalization of the original
expression by Rosa [4-1].

In the case where variations of the Hall parame‘er 1in
the cross—-section are weak (usually a good assumption), the
expression for the plasma nonuniformity factor can be

simplified to the following expression:

G = g+ (g-1)p° (4-7)
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where

g = (e)(1/) -

is the conductivity nonuniformity factor. Thus, the plasma
nonuniformity factor, G, may be separated into contributions
from the nonuniformity of the conductivity, g, and the strength
of the Hall parameter, which is directly proportional to the
magnetic field and approximately inversely proportional to the
static pressure.

The plasma nonuniformity factor, G, is a useful
parameter because it directly divides the power density at any
given station in a Farauay generator «Jx) = 0)

2 o2
-~ (¢)(U)" B~ (1-K)K (4-9)
(T' E) = G

The conductivity uniformity factor, g, is an intrinsic
parameter which depends only on the distribution of
conductivity in the channel cross-section, and not upon
specific knowledge of the MHD interaction.

The scale-dependence of g has been investigated by STD
Research Corporation in [4-2]. There it was shown *that a
number of loss mechanisms, including <old bourlary layers,
axial current leakage, surface voltage drops, and other effects
could be summarized in this simple parameter, g. Also, as the
scale of the generator increases (with fixed wall conditions),
the velue of g was shown to generally decline as the inverse
square root of tke thermal input to the generator. In most
applications, the dependence of the Hall parameter in the
channel cross-sectiou is weak enough to make the parameter, g,
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a very useful characterization of the potential performance of
the MHD generator duct.

The following sections examine the sensitivity of \FY
G, and g to variations in the electrode wall temperature, the
magnetic ifield strength, and the load factor. It is to be
understood that the effects of Hall parameter variation,
induced field deficit, and effective resistivity variations are
lumped into the total electrode voltage drop, Vd in the
following sections.

4.2.1 Dependence on Electrode Wall Temperature

This section compares the total electrode voltage
drops and the plasma and conductivity nonuniformity factors
resulting from three parametric variations in electrode wall
temperature around the nominal Run 006-014 simulation. The
nominal calculation has been discussed in Section 3.7. The
three computations carried out with electrode wall temperature
parametrically altered to constant values of 1250 K, 1500 K,
and 1750 K have been described in Section 4.1. The conclusions
regarding the sensitivity of electrode voltage drops and plasma
uniformity presented in this Section are based upon those four
computations, and apply primarily to conditions in the
neighborhood of the operating conditions of Run 006-014.

To display the sensitivity of the electode voltage
drops and the plasma uniformity, we have chosen to tabulate
their values at four stations in the HPDE. Three of these four
stations were locations at which the HPDE instrumentation
provided transverse profile measurements. The fourth station,
which varies about 0.1 m from couputation to computation, was
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the location at which the maximum electrode voltage drop
occurred in each STD Q3D computation.

The location of the three voltace profile measurement
stations and the approximate location .. the maximum voltage
drop computed by STD Research Corporation is shown 1n Pig. 4-2,
which has been reproduced from {4-3}. Fig. 4-2 also presents a
useful definition of the various coordinate systems used by STD
Research Corporation and AEDC in c¢iting positions in the
channel. The lower axis in Fig. 4-2, which has been marked
"STD Q3D coordinates" uses as a reference point the inlet
flange of the MHD generator. The STD coordinate system also
begins at the inlet flange of the MHD generator, but is
expressed in metres rather than in inches. A second frame of
reference has as its origin the first loaded electrode. This
frame of reference in shown in the upper axis which contains
the location and stations numbers, in inches, of the electrode
voltage drop measurements made at the HPDE. The three stations
at which the electrode voltage drops have been tabulated are,
2.7 m, 2nd x = 4.62 m.
These locations correspond to STA 24.7 in., STA 77.4 in., and
STA 215 1in.

in STD coordicates, x = 1.43 m, x

Fig. 4-3 illusir<tes the calculated variation of the
total ele.trode voltage drop at the four stations in the MHD
generator as a function of electrode surface temperature. It is
noted that the maximum electrode voltage drop declines from
approximately 2100 volts to approximately 1200 volts as the
electrode surface temperature increases from the "5 sec' value
of approximately 600 K to the assumed temperature 1750 K. At
the front of the generator, x = 1.43 m, the electrode voltage
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drop declines from approximately 500 volts to approximately 3C0
volts as the surface temperature decreases from the"5 sec"value
of approximately 1000 K to the assumed wall temperature of 1750
K. The decrease in electrode voltage drop is approximately
lirear with temperature at each station. For comparison the
experimentally measured electrode voltage drops at stations
1.43, 2.78, and 4.62 m are displayed at the same wall
temperature that was assumed for the Q3D simulation of Run
006-014. The agreement between the measured and computed
voltage drops appears to be within the experimental uncertainty
of the measurements.

As noted above, 'the impact of the electrode wall
surface temperature on the performance of the generator can be
summarized by the value of the plasma nonuniformity factor G,
which results from the nonuniformity of the conductivity f:izld
due to cold boundary layers. Fig. 4-4 presents the average
value of the plasma nonuniformity factor throughocut the
generator as a function of the average electrode wall
temperature. The error bars surrounding each average point
correspond to the standard deviation of the value of wall
temperature or plasma aonuniformity factor through the
generator. For the "S5 sec" walls conditions of the Run 006-014
simulation, the average conductivity nonuniformity factor is
approximately 2. This means that any given station in the HPDE
is operating with half the power density that would otherwise
be ootained if the HPDE could provide perfect conductivity
uniformity. Of course, doubling the local interaction at every
station in the MHD generator would profoundly aiter the
flowfield in the generator, so that one czanot state
categorically that the cold walls cause a 50% reduction in
powel input.
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As the wall temperature increases, the average plasma
nonuniformity factor declines to a value of 1.60 at 1250 K,
1.38 at 1500 K, and 1.22 at 1750 K. These reductions in the
plasma nonuaiformity factor correspond to potential increases
in the MHD interaction in the generator of 27%, 47%, and 66%,
respectively, over the "5 sec" wall :iemperature distribution.

The variation of the conductivity nonuniformity
factor, which is amn intrinsic characteristic of the channel
flow, is shown in Fig. 4-5. As the wall temperature increases
from the "5 sec" values to 1250, 1500, and 1750 K, the average
conductivity noruniformity factor, g, declines from 1.26 to
1.17, to 1.11, and to 1.06, respectively. As was shown in
[4-2]), values of this parameter implicit in the origimal design
of the HPDE were typically on the order of 1.03, corresponding
to wall temperatures between 1900 K and 2100 K. The "5 sec"
wall temperature distribution is much more characteristic of
small scale generators such as the Avco Mark VI and the UTSI
channel.

4.2.2 Dependence on Magnetic Field

The dependence of the total electrode vecltage drop uponr
the magnetic field is explained by two principal competing
mechanisms. First, because of the increase in Hall parameter,
the effects of conductivity nonuniformity are magnified by the
contribuation of the Hall parameter term in the plasma
nonuniformity factor. Compensating this effect is tae fact
that an increased magnetic field creates increased :zurrent
density in the electrode boundary layers. This tends to heat
the boundary layers through Joule dissfpation and improve
somewhat the overall uniformity of the conductivity in the
cross-section.
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In the neighborhood of the HPDE Run 006-014 operating
conditions, these two competing effects tend to slightly
increase the electrode voltage drops as the magnetic field is
increased to 4 T. Fig. 4-6 illustrates the almost linear
dependence of the electrode voltage drop at four stations in
the MHD generator as the peak magnetic field is increased from
the Run 006-014 value of 3.27 T to 4.0 T and to 4.25 T.

Relative to the total induced voltage, however, the
electrode voltage drop does not increase very dramatically as
the magnetic field increases. Fig. 4-7 illustrates the near
insensitivity of the relative voltage drop to the peak magnetic
field value between 3.27 T and 4.25 T. This result suggests
that one-dimensional models which rely upon a reduction in the
induced field inm order to represent the electrode voltage drops
may be adequate in the neighborhood of the HPDE Run 006-014
conditions as long as the axial variation of the reduction
factor is accounted for.

The fact that the relative voltage drop is weakly
dependent on peak magnetic field is related to the fact that
the plasma nonuniformity factor is essentially coastant with
magnetic field, as is illustrated in Fig. 4-8. Again, the
competition between the declining conductivity nonuniformity
factor due to Joule dissipation (shown in Fig. 4-9) and the
increasing Hall parameter due to the increase in the peak
magnetic field gives a nearly constant overall plasma
nonuniformity factor variation.

The speculation that at high magnetic fields the voltage
drops would be reduced by increased Joule dissipation in the
boundary 1layers has not beern borne out, at 1least in the
neighborhood of the Run 006-014 operating conditions. The Hall
parameter increase is an equal or even dominant effect over the
g factor reduction due to Joule dissipation.
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4.2.3 Dependence on Loal Factor

The variation of the electrode voltage drops and the
plasma uniformity with electrical load factor provides a vivid
illustration of the influence of Joule dissipation in the
boundary layers upon the performance of MHD generators. As the
load factor increases and the generator goes more toward open
circuit, the Joule dissipation in the boundary layer decreases.
As the boundary laye.s become cooler, the plasma nonuniformity
factor, G, and conductivity nonuniformity factor, g, increase
substantially. In addition, with the reduction of current
density associated with increasing load factor, less electron
nonequilibrium can be sustained at the electrodes, so that the

near electrode region becomes substantially more resistive.

The effect of increasing the Faraday load factor on
the conductivity nonuniformity factor is shown in PFig. 4-10.
At a load factor K = 0.55, the average conductivity
nonuniformity factor g = 1.22. As the load factor increases to
0.60, g = 1.24. At the Run 006-014 simulation conditions, in
which the average load factor is approximatelv 0.61, the
average value of g increases to 1.26. When the . .,ad factor is
held constant at 0.70, the magnitude of g increases to 1.34.
This is an important effect for cold wall generator designs
which depend on Joule dissipatinn to alleviate some of the
thermal gradients in the electrode wall boundary layers.

The effect of increasing load factor on the overall
plasma nonuniformity factor, G, is illustrated in Fig. 4-11.
The increase in G is even more dramatic than the increase in g
because, as the channel goes toward open circuit, the flow
velocity increases and the static pressure in the generator
generally decreases. Hence, as the channel is unloaded, not
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only is there less Joule dissipation in the boundary layers,
but the Hall parameter also tends to increase. This results in
a steeply increasing plasma nonuniformity factor. The
sensitivity of G to load factor reemphasizes the need for
calculational procedures which can account for the Joule
dissipation in the boundary layers. A calculation which
assumed that the value of g and/or G was independent of B or K
would clearly be incorrect for this high interaction device.

The behavior of the total electrode voltage drops as a
function of load factor reveals a very interesting phenomenon
associated with the accumulation of Joule heat through the MHD
generator. Fig. 4-12 illustrates the values of the electrode
voltage drop at four stations in the AEDC/HPDE. Four
calculations are presented. The Run 006-014 simulation,
CHPQUUUJBO, and three parametric variations with constant load
factor throughout the generator are shown. Also shown are the
data from Run 006-014, assuming that the load factor at each
measurement station is as it is computed by the simulation.

The computed dependence of the electrode voltage drop
on loac factor is rather weak for the cases in which the load
factor is held constant. (Of course, a constant voltage drop
with increasing current density at lower load factors implies
increased power losses.)

Ou the other hand, the simulation of Run 006-014,
which incorporated a variable load factor (approximately 0.69
at 1e inlet to approximately 0.55 at the exit) deviates
i.creasingly from the constant load factor trend lines toward
the back end of the generator. The maximum voltage drop in the
Run 006-014 simulation is approximately 2200 volts, whereas the
maximum ~1ectrode voltage drop with constant load factors
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occurs at a load factor of approximately 0.60, and has a value
of approximately 1800 volts. The implication of this result is
that the declining load factor profile throughout the generator
in the Run 006-014 conditions cause less Joule dissipation
upstrerm in the generator than would occur if the load factor
were held constant at the average Run 006-014 values. This
leads to generally colder electrode boundary layers in the
downstream regions. This result suggests that the optimum load
factor profile from the point of view of minimizing voltage
drops would De one which begins initially 1lower than the
average value and increases throughout the generator. While
this is considered to be a second order effect on the overall
performance of the device, it certainly bears further
investigation for the future loading of the AEDC/HPDE.

4.3 Parametric Variations Around the Transient Simulation
of Run 006-014

The response of the HPDE to parametric variations in the
neighborhood of the Run 006-014 operating parameters was
analyzed with the Q3D code family in the previous section.
That study identified increases in the wall temperature 2and
magnetic field as the principal means for achieving increased
enthalpy extraction and isentropic efficiency of the generator.
It is desirable to extend these results to the ultimate
capabilities of the facility, i.e., 6 T operation. This
section presents such results.

In the neighborhood of the Run 006-014 simulation
studied with Q3D, the flow in the MHD generator is uniformly
supersonic. Far from this neighborhood (i.e., at much higher
magnetic fields or wall temperatures) the flow may become
transonic or subsonic. Because of the additional expense and
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effort required for Q3D computations in the transonic or
subsonic modes, which require iterative matching of downstream
pressure conditions, it was decided to extend the parametric
studies far from the neighborhood of the Run 006-014 conditioans
by using the quasi-steady option of the TRANSIENT family of
codes.

To make such a parametric survey meaningful, it was
necessary to incorporate as much of the information from the
quasi-three-dimensional calculations using the Q3D family of
codes into the TRANSIENT calculations. In order to include the
effects of variable wall temperature on the electrical solution
in the quasi-steady TRANSIENT calculation, values of the
conductivity nonuniformity factor, g, obtained from Q3D
simulations, were used as input. For the parametric survey of
wall temperature, the g values from Q3D Run CHPQUUUJBO were
used for the '"cold wall" or "S5-sec" wall electrode wall
conditions. Q3D calculation COBQFAVJDY was used to obtain 2
"hot wall" or constant 1500 K electrode wall temperature
distribution of g values.

The starting point for all of the TRANSIENT parametric
studies was Run BRCYTRCJEB described in Section 3.8. Utilizing
the g factors corresponding to cold walls, the magnetic field
distribution was increased progressively in steps from the
nominal value of 3.27 T to 4 T, 5 T and then to 6 T. At each
step in the magpetic field, sufficient time was provided to
obtain a steady-state solution before the next increase in
magnetic field was applied. Similarly, the hot wall simulation
was carried out by first instantaneously modifying the g factor
distribution to correspond to 1500 K walls of Q3D Run
COBQFAVJDY, and then increasing the peak magnetic field
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strength in steps from 3.27 T to 4 T, 5 T and then to 6 T. The
results of this parametric variation in wall temperature and
magnetic field are shown in Fig. 4-13. Throughout all of these
parametric variations, the load schedule was fixed according to
the Run 006-014 distributions, and the g distributions were
held fixed at either the "hot wall" or "cold-wall" values. In
view of the dependence of g on magnetic flux density discussed
in the above sections, the consequence of holding g fixed is
probably a slightly conservative estimate of performance.

As is clearly evident in Fig. 4-13, the reduction of the
plasma nonuniformity factor due to the increase in wall
temperature from the "5 sec"” values to a coanstant 1500 K
distribution makes the difference between ach’a2ving the
enthalpy extraction goal of the HPDE and not achieving it. The
6 T operation of the HPDE with 1500 K walls is predicted to
achieve nearly 15.5% enthalpy extraction with the Run 006-014
nominal load schedule. With "5 sec" walls the HPDE achieves
less than 13% enthalpy extraction. A detailed 1list of the
isentropic efficiency, enthalpy extraction ratio, and the exit
Mach numbers are shown in Table 4-1.

It is seen from Table 4-1 that between 4 and 5 T with
hot walls, there is a transition from supersonic to transonic
flow with a shock in the generator. While the performance is
predicted to increase despite the entry of the shock into the
generator, the ramifications of operating a high-interaction
MHD generator with a normal shock in the active portion of the
generator remain to be investigated.
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4.4 Optimal Load Schedules

The goal of the HPDE 1is performance, not duration.
Therefore, the optimization of the loading of the HPDE should
be aimed at optimizing performance without the constraints of
"rule of thumb"” or conventional limitations on current density,
Hall field, or other parameters.

For givenm conditions of velocity, conductivity, and
magnetic field, the most important parameter in a Faraday
generator is the electrical 1loading factor, K = <Ey>/<UB>,
which defines the operating point on the load line of a local
section of the generator (K =1 is open circuit, K = 0 is short
circuit). For given conditions of conductivity, velocity, and
magnetic field, the maximum enthalpy extraction per unit length
is achieved at a 1load factor of K = 0.5. For maximum
efficiency, the load factor is somewhat hig.er than 0.5.

In general, for generators of moderate and high
interaction, the load-line is not linear. Changing the loading
of the generator profoundly alters the distributions of
conductivity and velocity in the generator, and
multidimensional phenomena enhance the nonlinearity of the
electrical performance. Therefore, in order to survey the
performance of the device as a function of loading, the model
employed must be capable of accurately predicting the
interaction between the MHD forces and the fluid. For the
present studies of the HPDE loading, a code from the TRANSIENT
code family is ased in order to facilitate rapid surveys of the
impact of the loading of the generator. The nonlinear coupling
between the loading and the fluid behavior is described in this
section.
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While sophisticated, constrained optimization procedures
could be utilized for optimizing the loading schedule of the
HPDE it is felt that the variation of the load factor in the
axial directiun produce second order effects on the
performance. The most important parameter is the average load
factor. This conclusion 1is borne out by comparison with
constant load factor calculations and wvariable 1load factor
calculations, as was discussed in Section 4.2. Therefore, all
of the load survey studies that have been conducted to date
have been carried out with the specification of a constant load
factor throughout the generator.

Many results have been presented in separate reports for
the HPDE "nominal" operating conditions. Perhaps more
pertinent are the results obta.ned when parametric variations
of the load factor around the simulation of an actual high-
powered run of the HPDE are calculated. Section 4.1
illustrates the load factor influence around the operating
conditions simulated by Q3D for the Run 006-014. It was shown
in that senticon that the reduction of the load factor in the
Run 006-014 experiment could have improved the enthalpy
extraction somewhat, but at a penalty in isentropic efficiency.
In Section 4.3, the performance at various magnetic fields up
to 6 T was compared with the TRANSIENT code with hot and cold
wall assumptions. These studies utilized the load resistance
schedule of Run 006-014.

Relative to the achievement of the performance goals of
the HPDE, it was suggested that the variation in the load
factor, particularly at the "hot wall", high magnetic field
points in Section 4.3, might allow both the enthalpy extraction
and isentropic efficiency goals to be achieved simultaneously.
Consequently, the electrical load factor was varied around each
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of the 4 T, 5 T and 6 T points with hot walls described in
Section 4.3. The results of these load factor variations are
shown in PFigs. 4-14, 4-15, and 4-16 for 4 T, 5 T, and 6 T,
respectively. Alsc shown on Figs. 4-14 through 4-16 are the
points computed with the actual Run 006-014 load schedule. In
each case the Run 006-014 load schedule yields slightly better
performance than the maximum obtained with constant 1load
factors. However, it is felit that there is not enough of an
improvement to warrant a global optimization study with the
quasi-one-dimensional TRANSIENT code. It would be more
appropriate to carry out an optimization with a
multidimensional code which could independently account for the
boundary layer dissipation effects described in Section 4.3.3

The importance of operating the MHD generator near the
optimum Mach number profile down the generator is emphasized by
Figs. 4-14, 4-15 and 4-16. The flow regimes of the generator
at the various load factors are indicated by the density of the
trend curves. It is apparent that the enthalpy extraction of
the generator optimizes in each case for 4, 5, and 6 T at
transonic flow conditions. The optimum Mach number for maximum
enthalpy extraction rate appears to be that load factor which
provides transonic flow. At 4 T, the optimum load factor is
approximately 0.65; at 5 T, it is approximately 0.72; and at 6
T, it is approximately 0.80. The meaning of this is that, as
the magnetic field increases, the load factor must also
increase (i.e., ihe generator must be less and less heavily
loaded) in order to keep the flow field distribution close to
the optimum design values. This concept of maintaining the
flow field at or near the optimum Mach number distribution is
also central to the understanding of the part load and off-
design operation of generators of all scales, as is discussed
in Section 7.2.

192



4.5 Near Electrode Phenomena with Finite Electrode
Segmentation

In order to establish a basis for the Q3D current
trau.cport models, near electrode phenomena were studied under
the operating conditions of the AEDC/HPDE Run 006-014. Two
principal code familes were utilized for the study of near
electrode effects with finite electrode segmentation. The FIN
family of codes computes two-dimensional distributions of
electrical and plasma transport variables in the region between
a single pair of electrodes. The assumption implicit in this
code family is that the variation in behavior from electrode to
electrode is sufficiently weak that periodic boundary
conditions can be imposed on the upstream and downstream ends
of the region being computed. On the other hand, the ARRAY
family of codes considers a string of electrodes without the
requirement of periodicity. The upstream and downstream
boundary conditions are obtained from Q3D or from the
imposition of Neumann boundary conditions specifying 1local.y
invariant electrical properties.

Two FIN calculations were performed at the x = 2.77 m
station in the AEDC/HPDE. Input data for gasdynamic profiles
and initial conditions were obtained from the Q3D Run
CHPQUUUJBO, the nominal simulation run for the HPDE Run
006-014. Two computations were carried ou:z. Computation
BRCYICLJEA utilized the option with finite reaction rates.
Computation BRCYLARJD4 utilized the option for instantaneous
reaction rates for electron reactions. Table 4-2 shows a
comparison between the Faraday voltage, total voltage drogps,
Hall field, and local power density, computed by the two FIN
calculations and the Q3L simulation. We note that the
inclusion of finite electrode effecis in the FIN calulations
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results in the reduction of the Faraday voltage by 68 volts.
This Farciay voltage reduction is associated with an increase

in the total electrode voltage drop of 128 volts. The Hall
vol1 in the FIN calculations is approximately 50 V/m higher
in m; _ de, and the overall power density at this statinn is

slightly decreased (4.5%) by the inclusion of the finite
electrode effects. The relative small differences between the
Q3D simulation CHPQUUUJBO and the FIN calculations indicates
that the diffuse discharge model is suitable ior ulations
under the Run 006-014 conditions.

On the other hand it is possible that the inclusion of
finite electrode effecis and near electrode effects may explain
differences between the Run 006-014 measurements and the Q3D
computation CHPQUUUJPO which were discussed in Section 3.9. It
is anticipated that, as the boundary layers grow and the bulk
nonuniformity of the boundary layers begins to dominate the
near-electrode effects on the voltage drops, the impor.ance of
near-electrode effects in the back end of the generator will be
less. Insufficient resources were available to investigate the
near-electrode behavior throughout the entire MHD generator
under the present effort. It would be of interest to complete
thk> analysis thrcocughout the entire length of the generator
under the Run 006-014 simulation conditions.

Two ARRAY calculations were carried out to investigate
near-electrode phenomena without the requirement of
periodicity. Computation BRCYYMVJEC also considered the
nominal conditions of operation in the neighborhood of x = 2.77
m in the AEDC/H"PE Run 006-014. A region of 2.5 channel
diameters around x = 2.77 m was chosen for simulation. An
expanded view of the current pattern 1in the near-electrode
regions computed by the ARRAY family of codes at x = 2.77 m is
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shown in Figs. 4~-17 and 4-78 for the cathode region and anode
region. Instabilities in the near-anode region is apparent in
Fig. 4-17. The operating characteristics of the electrodes at
x = 2.77 m is quite comparable to the FIX results discussed
above and with the measurements of Run 006--014,.

Fig. 4-19 illvstrates the current pattern in the entire
computational regicn of computetior BRCYYMVJEC. In this
tigure, the details of the near-electrode behavior 1is
suppressed by the coarseness of the plotting grid.

Fig. 4-20 shows the corresponding equipotentia's in tnis
ARRAY computation. It is noted that the equipotentials are
rather uniform. The steep inclination of the equipotential in
the core in due to the relatively low Hall parameter (1.2) at
this station. The curvature of the equipotentials near the
walls reflects the presence of vol-age drops due to the imposed
gasdynamic boundary layer przfiles.

The importance of relaviag the periodicity assumption is
emphasized in Figs. 4-21 and 4-22. These Figures illustrate
the result of calculation BRCYYQPJEC, in which the exact
conditions of th previous ARRAY calculation were varied only
by assuming that a single electrode pair went to short-circuit.
The imposition of a short-circuit on this region causes a gross
distortion of the equipotential pattern of Fig. 4-20, as shown
in Fig. 4-21. Walls which normally operate at a potential
difference of 1700 V or more are suddenly forced, in a very
small region, to operate at the same potential. Very consider-
able electric fields developed due to this condition are likely
to cause severe electrical breakdowns in the reighborhood of
the Faraday short.
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In addition, all of the power being produced in a region
approximately one or two diameters upstream and downstream of
the MHD generator is available to be coupled into the Faraday
short. As a result, the surge current through the Faraday
short increases by two orders of magnitude over the normal
operating curreat of the electrode pair. It is evident that
the increase in the current to the external load circuit would
be encugh to cause either mechanicai or thermal damage to the
load circuit connections. This and similar faults must be
prctected against in tuture HPDE operations.

The result of this "Faraday catastrophe" vividiy
illustrate. that fine electrode segmentation is both a blessing
and a curse. Fine electrode segmentation increases the overall
current uniformity and decreases Hall effect reductions in the
power output of the generator. On the other hand, if Faraday
faults do occur, they will occur with more damaging
consequences with finer electrode

4.6 Current Distribution in the End RKegions

The HPDE 1inlet eddy currents were investigated,
uti.rzing a two-dimensional, finite electrode, finite reaztion
rate code from the INLET family of codes. The operating
conditions were specified from the outputs of the Run 006-014
simulation by Q3D (CHPQUUUJBO). The presence of open circuit
electrodes in the magnetic field gradient of the end regions of
the HPDE leads to internal circulating currents in the plasma.
These are depicted in Fig. 4-23 for the computation BRCYZGGJEC.
Because the passage of current in the downstream end of the
current loops is through a higher magnetic field than the
return current through the upstream portion of the loops, there
is a net reduction in the total pressure of the power train.
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This loss of pressure does not produce useful work. Under the
Run 006-014 operating conditions, it is estimated, based on
this computation, that this pressure drop is of the order of
0.07 atmospheres.

Fig. 4-24 shows the equipotentials associated with the
current pattern in Fig. 4-23. It is interesting to note that
the lack of current through the upstream boundary layers make
these boundary layers very good insulators. The cold upstream
boundary layers effectively shield the core from the
open—-circuit electrodes, which serve as insulators, and promote
the circulation of current inside the plasma. It is noted that
the voltage in the core at the first loaded electrode persists
for a considerable distance upstream of the generator.
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TABLE 4-1

Results of TRANSIENT Computations Performed for Task I
Nominal Loading from HPDE Run 006-014
and Combustor Thermal Input of 303.2 MW

Wall Enthalpy
Run Bmax Mexit Temp Power Extraction Efficiency
- (T) (K) (MW) (%) (%)
BRCYTRCJEB 3.274 1.794 "5 s" 23.60 8.24 37.46
4.0 1.648 "5 s" 28.95 10.11 40.72
5.0 0.651 "5 s" 34.17 11.94 42.25
6.0 0.654 "5 s" 36.39 12.71 45.11
BRCYUXWJEB 4.0 1.124 1500 36.80 12.83 43.88
5.0 0.650 1500 41.75 14.56 51.56
6.0 0.699 1500 44.39 15.48 53.81
0-4361
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TABLE 4-2

Electrical Performance Parameters at x = 2.77 m
in the AEDC/HPDE Run 006-014: Comparison Between
FIN Calculation BRCYICLJEA and Q3D Calculation CHPQUUUJBC

Quantity FIN Q3D
Run No. BRCYICLJEA CHPQUUUJBO
Total Electroucde
Voltage Drop, V 830 702
Faraday Voltage, V 1676 1743

Centerline Hall
Field, V/m 984 959

Local Power 3

Density, MW/m 16.05 16.78

0-4362
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Fig. 4-3. Variation of total (anode + cathode) electrode voltage
drop with electrode surface temperature under the con-
ditions of the Q3D simulation COBQUUUJBO of the HPDE
Run 006-014.
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5.0 CRITICAL PHENOMENA FOR THE U.S. U-25 EXPERIMENT

An MHD gererator for installation in the Soviet U-25
facility was designed and fabricated in the United States as
part of the joint U.S./U.S.S.R. cooperative MHD Program. STD
has simulated the "as built" performance of the U.S. U-25
channel to determine the nominal operating performance and to
analyze the critical phenomena of this experiment.

5.1 Channel Characterization: U-25 Nominal Operating

Conditions

The values of the physical and nominal operating
parameters used for simulations of the U.S. U-25 chanmnel are
discussed in this section.

5.1.1 Geometlry

The major components of the flow train sections of the
U.S. U-25 experiment are the KS-3 combustor (Soviet design and
fabrication), the U.S. U-25 nozzle and channel assembly, and
the U.S. U-25 diffuser assembly. The KS-3 combustor is a
cylindrical unit with ap inside diameter of 1.7 m [5-1]. 1It is
connected to the main oxidant feed line, which is of 1.5 m
inside diameter, by a shcrt conical diffuser section. The
combustion zone lies entirely within the conical divider, which
is perforated to meter the oxidant flow to the upstream and
downstream parts of the combustion zone. The combustion zone
and the first exit transition piece is of circular section (1.2
m in diameter) at the inlet and of rectangular section (640 mm
by 760 mm) at the exit. The nozzle of the U.S. U-25 flow train
assembly is connected directly to the flange at the exit of the
first transition piece. Tie nozzle inlet plan section is 624
mm by 744 mm [5-2]}. The nozzle contours are defined by the
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753.7 mm tangent radius on the sidewall contour and a straight
taper from 744 mm at inlet to 730 mm at nozzle exit on the
electrode wall contour. The exit of the nozzle mates directlv

with the inlet of the channel.

The channel frame number, width, height and
diagonalization angle are given as functions of axial distance
in Table 5-1 [5-3]. The origin of the axial distance
coordinate is the 0-0 station, which corresponds to the front
vertical edge of the magnet pole. This coordinate runs through
the center of the channel, midway between both the electrode
walls and the sidewalls. The U.S. U-25 generator is
rectangular along its entire length.

5.1.2 Magnetic Field

The axial distribution of the magnetic flux density is
given in Table 5-2 |[5-4].

5.1.3 Loading

The U.S. U-25 experiment is planned to be run with a
single load at a nominal load current of 2840 A [5-5}. The
loading 1s connected with distributed current collection
through diodes (International Rectifier 501VFR200) on frames 1
through 67 on the front end and diodes (International Rectifier
501VFR200) on frames 366 through 432 in the back end [5-3].

5.1.4 Working Fluid
The werking fluid for the U.S. U-25 experiment is

defined in this section. The mass fiow rate for the nominal
conditions is 50 kg/s [5-3]}.
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The composition of the fuel is given by volume as
[5-4), [5-6]}:

CH4 92.4 - 94.5%
C2H6 3.33 - 2.11%
CaHg 1.38 - 0.87%
C4H10 0.36 - 0.14%
CO2 0.70 ~ 0.70%
N2 1.5 - 1.5%

v, ¢.3 - 0.2%

The fuel has a lower heating value of 45.98 to 46.51 MJ/kg and
is supplied to the combustor in the gaseous phase at ambient
temperature [5-4].

The oxidizer is composed of air enriched with oxygen
so that the total oxygen in the mixture is 40% by weight of the
combined weight of the air and added oxygen [5-5]. The oxygen
for enrichment is assumed to be pure 02 [5-5]. The air 1is
taken from the atmosphere and has a nominal moisture content of
0.89% by volume (equivalent to 50% relative humidity st 16°C)
[5-5]. The total oxidizer flow is preheated to 1200°C before
it enters the combustor [5-3}, [5~5}.

The seed 1is potassium carbonate in purified water
solution {5-5]. The concentration of K2C03 in the water is 1:1
by weight [5-5]. The flow rate of seed is such that K,CO5 is
2% of the total mass flow rate [5-5]). The seed solution is
injected at ambient temperature [5-5].

For the nominal conditions the combustion is
stoichiometric [5-3}, [5-5].
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5.1.5 Wall Conditions

The combustor wall temperature is 1773 K for all
surfaces [5-5]. The nozzle, channel and diffuser wall
temperatures are 644 [5-5], 644 to 672 [5-5], and 514 K [5-3],
respectively, for each wall and for the entire length of each
section. The wall roughness is characterized by an equivalent
sand roughness height of 3 mm in the combustor and channel and
smooth walls in the nozzle and diffuser.

5§.1.6 Channel Inlet Conditions

The conditions at the inlet of the U.S. U-25 are
determined by the total mass flow rate, the thermodynamics of
the working fluid, the inlet dimensions, and the enthalpy flux.
The enthalpy flux was determined by assuming complete

combustion and applying a 4.0% heat loss [5-1] for the
combustor.

5.1.7 Other Conditions and Assumptions

The design value of the diffuser recovery coefficient
is 0.45. The pressure at the end of the diffuser is 2 to 3 kPa
below atmospheric [5-5].
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5.2 Steady-State Performance for Nominal Design

The U-25 steady-state performance for the nominal design
was simulated with the TRANSIENT code family 1in the
quasi-steady mode of operation. The initial computations were
performed under the optimistic condition of an assumed conduc-
tivity nonuniformity factor of 1.06. This value was taken from
preliminary U-25 calculations with the Q3D family of codes
performed previously to this contract and corresponds to
arc-mode current traansport with a critical field of 12 kV/m.
Definitions of arc-mode current transport and critical eiectric
field are given ian Section 3.3. For the cold walls of the
nominal operating conditions, the arc-mode current transport
assumption is likely to yield the highest estimate of power
output.

Under the nominal conditions, transonic flow is
predicted for the U.S. U-25 experiment by computation
BRCYKDXJGJ . The axial distributions o¢f the gasdynamic and
plasma property variables for the U-25 under the nominal
conditions are given in Figs. 5-1 through 5-10. The variables
displayed in these figures are grouped intc the following
classifications: (1) open and short circuit variables; (2)
electrical loading, (3) plasma properties; (4) electrical field
variables; (5) average gasdynamic variables; (6) electric
potential; (7) channel geometry; (8) heat transfer parameters;
(9) power extraction parameters; and (10) optimizati~on
variables. The origin of the axial coordinate in these figurecs
is the upstream end of the KS-3 combustor. For this axial
coordinate system, station 0-0 is located at an axial distance
of 2.789 m, the upstream end of the nozzle is located at an
axial distance of 2.100 m, the end of the channel is located at
an axial distance of 9.851 m, and the end of the diffuser is
located a:¢ an axial distance of 12.827 m.
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Experience with simulations of the HPDE indicate a
higher conductivity nonuniformity factor for cold wall chanrels
than was wutilized in computation BRCYKDXJGJ. Computation
BRCYEHZJGK used the nominal conditions and, in addition, had an
assumed conductivity nonuniformity factor of 1.24, which was
established from simulations of the HPDE uander cold wall
conditions. The results of computation BRCYEHZJGK are
presented in Figs. 5-11 through 5-20. The variables presented
in Figs. 5-11 through 5-20 correspond to the same variables
presented 1in Figs. 5-1 through 5-10. The flow remains
transonic and the power output decreases to 7.74 MW
(BRCYEHZJGK) from 10.97 M¥ (BRCYKDXJGJ).

By decreasing the load current to obtain maximum power
output, some of the power difference can be recovered.
Computation BRCYJCGJGK assumed a conductivity nonuniformity
factor of 1.24 and also assumed a load current of 2128 A. The
results of computation BRCYJCGJGK are presented in Figs. 5-21
through 5-30. The flow remains transonic, bu: the power
increases to 9.44 MW, which is only slightly below the goal of
10 MW.

The isentropic efficiency is shown in Fig. 5-31 as a
functior of the gross channel power for these three
simulations. This figure 1illustrates that of these three
simulations of the wunominal operating conditions only
computation BRCYKDXJGJ predicts an output power above the goal
of i1he experiment, but that simulation BRCYJCGJGK, with higher
conductivity nonuniformity factor and lower load current,
predicts that the output power will be very close to the goal.
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5.3 Quasi-Steady Performance as a Function of Mass Flow Rate

A series of five preliminary performance calculations
with the nomiral conditions, except for mass flow rate, were
carried out with the TRANSIENT code family in the quasi-steady
mode of operation. The range of mass flow rates was taken to
be from 35 to 55 kg/s. The performance of the U-25 over this
mass flow rate range was evaluated with an assumed conductivity
nonuniformity factor of 1.06. This value was taken from
previous preliminary U-25 calculations with the Q3D family of
codes and is typical of values obtained with the assumption of
arc-mode current transport with a 12 kV/m breakdown criterion
in the U-25. The arc-mode current transport assumption is
likely to be the most favorable current transport mechanism for
cold wall channels and is likely to yield the highest estimate
of power output.

The five computations in this series are: ASMYISTIKM, 50

kg/s; ASMYNEPIKN, 45 kg/s; ASMYNGCIKN, 55 kg/s; ASMYONTIKN, 40
kg/s; and ASMYRAWIKN, 35 kg/s.

The transonic flow predicted by these calculations for
all mass flow rates above 40 kg/sec is illustrated by Fig.
5-32. Fig. 5-32 shows that the flow chokes from 3.2 m to 6.6 m
downstream of the combustor backplate (the origin of axial
co¢ "dinate for these STD computations) and recovers to
atmospheric pressure through a normal shock in the diffuser.
Because the power extraction and MHD interaction in these
computations are near maximum, it is expected that more
conservative assumptions for the wall current transport

mechanism will lead to even more supersonic flow conditions.

The power output computed in these preliminary
calculations is presented in Fig. 5-33. It is significant that
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these prelim nary calculations predict that power output in
excess of 10 MW might be achieved even at a mass flow rate of
40 kg/s. It must be reemphasized, however, that these
calculations are based on the assumption of the most favorable
current transport mechanism for this cold wall channel.

The isentropic efficiency is given as a function of mass
flow rate in Fig. 5-34. The maximum value of isentropic
efficiency calculated was nearly 40% from ASMYNEPIKN. As is
shown in Fig. 5-32, the shock enters the channel for the
nominal conditions and for mass flow rates less than 44 kg/s.
The decrease in isentropic efficiency caused by the shock
entering the active channel is seen in Fig. 5-34.
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TABLE 5-1.

FRAME
NUMBER

ron ten
L LT N R A R KXY L1 X F ¥°1 T

9-3336

Design Data for the U.S. U-25 MHD Generator

AXIAL
DISTANCE
(o)

.0,10031
v0,00873
.0.07510
w0,00145
*0,08774
oe,03408
*0,02023
00,0004)
0,0074%
0.021!0
9.03530
0.,0892¢
0.00332
0.07739
0009152
0,10560
0,1199¢
’.'3“0
9,10847
0,16283
0.17728
0,19170
0,20021
0,22077
0,23539
0,2500%
0,26N70
02795
9.29438
0.36928
0,321122
0.33922
0,35429
0,3693)
0.3815%9
0.39983
0.41513
0,23050
0.,04593
09486142
0,709
0049200
0.50329
0,32400
053900
0.,55570
0.57172
0,587
0,60380
0.63003
0,03627
0,65260
0,06099
0,6853
0,70200
0,71863
0,735%3
0.75211
0,768%
0.78%%

WIDTH
(s)

9.3%5507
0.39515
9,395%
0,9%624
0,3560%
0,35707
0.35781
0035795
0435810
0.35808
0435933
003598
0s36030
0.300081
0.36133
0.301085
0030239
0.30274
0.30350
0.30008
0e36400
0.3052%
030588
0430647
0.30671)
0.30778
0o38810
0o3091¢
0,3697%
0.37043)
0.37112
0037183
0.3725%
0037328
0037403
0437479
0.37557
0.3703%
0.37718%
937797
0.37800
0,3796S
0430050
0+30137
0,.88224
0.3831}
0,30398
0,3048¢6
0038574
0,38062
0,387%0
6.30039
0.,30928
039017
039106
0,39198
0.39208
039375
0e3%A065
0,39555

HEIGHT
(a)

0,73000
0,73000
073000
0,73000
0473000
0,73000
0,73000
0,73000
0,73000
0473000
0,73000
0.73000
0473000
0.73000
0,73000
0,73000
0,73000
0,73000
0,73000
0,73000
0,73000
0473000
0,73000
0,73000
0,7%000
0,73000
0,73000
0473000
0,73200
U,73000
v,73000
Ve 73000
ve73000
v,a73000
V73000
0,73000
V73000
0,73000
0,73000
v,73000
0,73000
0,73000
0,73000
0,730V00
0,73000
0,73000
0,73000
ve73000
v.73000
2,73000
0.73000
0,73000
v,73000
0,73000
0,73600
0,73000
0,73000
0473000
0,73000
0,73000

DIAGONALIZATION
ANGLE
(radians)

0.39158
0.3%812
. 80a0%
0., 81)15
0,81700
0,82481
0.430%
0.4309°
0,08

0,57918
0,50510
0.5909¢
0,5% 80
0,60271
0,600853
0.,05033
0.02011
0.62586
0.63159
0.03729
0.68298
0.048803
s.05427
0,05987
0,606545
0.0710)
0.,676%5
0.08200
0.,60750
0,09301
$,69%048
9.70386
0,7092%
0.,714004
$.,71994
0.72%2%
0.,73058
0,73580
0.743048
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TABLE 5-1. Design Data for the U.S. U-25 MHD Generator (cont)

AXIAL OIAGONALIZATION

FRANE DISTANCE WI1DTH HEIGHT ANGLE

YUMBER {n) \e) (=} (radians)
ot 0,80292 0039615 0,73000 0. 78025
2 0,082002 039730 9,73000 0.7%140
o? 0,8372¢ 039820 0,73000 075039
ol 0,05447 039917 0.7300¢ 0.701273
> 0,87182 0040009 0,73000 0.76685
o 0,88%2% 0sd0t00 0,73000 0.77195
o7 0,%0677 00480192 0,73000 0, 77700
a8 9,92439 0,40283 6,73000 0.78203
o 0.%8208 0e003%0 0,73048 0.70297
90 0,95912 OeauSHY 0,73152 0.7884ay
1] 0.97507 VelvAOYL v, 73270 0.,70540
2 00,9918} 0440029 ¢, 73388 0.78540
p: 1,00810 04808492 0,73%00 0,7884ac¢
[ 1,02053 0408062 0,73023 0,78%5Aa0
L3 1,0800% 0040483 0,7374) 0.78840
® 1.05720 0.8050% 0,73659 0,7834a0
T $1.,073%50 0480524 0v,73977 0.,78%4y
8 1.08908 0040595 0,73090 0.78540
99 1,10023 0440560 v,70212 0,78540
a0 1.122%7 080587 0,74330 0,7854v
] 1,13892 0080608 0,74048 0,788a0
o2 1.1552¢ 0.80629 0,745%0% 0,788a0
8 1.17101 0480650 0,74083 0,78580
[ 14 $.30879% 0+00672 74804 0,7854¢0
8% $,20429 0449693 0,7a919 0.78540
ad $1.27v08 VedOTYS V,75030 0,78%40
a7 1,23c98 "eROTNe 0,751540 0.70854u
at 1,25333 reQuTSH 0,75272 0.78%00
a 1.,260907 Vel TRN 0,75390 9,78540
14 1.,280¢} heROBYHY V,755%08 9.7085480
1] 1430230 veaLB24 015025 0.768540
(7] 3187 0syBap v, 75743 0.70540
o3 1.33%0% [ZL.IT.T1.] 0,758061 00,7854
o8 1.35139 felt089y 0. 75Y78 e. 76540
s 1,36773 0020913 0,76090 0.78540
[ ] 1.30408 0,30935 v 76214 0.78540
24 3,80082 Ve AL958 v.76332 0,78500
(14 1.01677 0+2098) 0,764S0 0.7854v
(34 1.43313 0,8100% 0.76%67 0,7085a¢
100 1,84% 0 oentl020 0,70605% 0.78Sa0
to} 1,80580 0.81050 0,760803 0,78540
108 1,48214 0.41073 0,76921 0,78%40
103 1.89%040 0.81097 0,77038 0.705a0
108 1.51183 0e81120 0,7715¢ 0,78540
105 1.,53118 vealina 0,77278 0.78%q0
100 1.54752 0eql168 0,77392 0,78540
107 1,56380 Nel1192 0,77%09 0,78540
108 1,56u2) 04112106 0,776217 0,78840
1134 1.5965% 0.412%0 0,77745% 9.7084u
150 1.,6129 0.81208 0,77803 0.70840
(1) $,062%920 0.81208 0,77980 0.78%40
112 1,64558 041313 0,78098 0,78840
13 1,66193 041337 0.70210 0.70540
118 1,67627 Vel 1362 0,76334 0.785a0
199 1,09062 0,830 0,78451 6,78580
156 1.7109 N ITIY 0,785¢69 0. 70340
177 t1.72731 [ZY 30} 1 0,70087 90,7084
18 1,7430% ne0180) 0,78808 0.78%40
e 1.,75%99%¢ 0.81880 0,70922 0,70540
13t 177033 064158} 0,79040 9,78540

9-3337 STD RESEARCH CORPORATICN

235




TABLE 5-1. Design Data for the U.S. U-25 MHD Generator (cont)

AXIAL
+RANE DISTANCE
NUMBER (»)

1§ 1279200
192 1,009¢03
133 1,02537
150 1,84173
19 1.9%000
19 1,87440
127 1.89075
198 1,90709
1134 1,92393
180 1,93978
1% 1.95012
182 1.97247
133 1.908083
1y 2,00510
I‘s 202150
l‘. 2.03784
1‘7 2.,05419
148 2.07083
19 2,008088
tab 2.10322
1)) 2.33495¢
182 2,13393
tad 2,1522%
188 2.,160800
148 2.1849
1a0 2.,20120
1a? 2.21703
128 2.2%3397
129 2.25032
180 2.,26000
14} 2.283)1
182 2.299%
153 2.315%09
1848 2,33201
188 2,30038
150 2.36073
18? 2.38107
158 2,391
189 e, 1137
!“o 3.“3(10
tal 2.30648%
162 2.06279
1a) 287913
]90 2,39540
148 2051182
180 2.52017
167 2,5405]
‘é. 2.50060
1p? 2.57720
173 2.5935¢
12! 2400989
1R 2.62023
32 2,682%8
134 2.65892
138 2,6752¢0
17% 2.6%101
ty? 2.7079%
128 2.7243¢0
19¢ 2.74008
180 2.750%8

9-3339

WIDTH
(w)

04133
0.41%562
9041587
0.01613
bell038
0.41608
0+41490
0.41716
0.21792
0481768
0.01708
0081821
0,41848
0041874
019}
0.21920
0.21955
0,41982
0.42309
0.420%
0,82004
0042091
0.82119
0.42108
0.82174
0002202
0482230
0,222%8
ven2287
0042315
0.823%0
0482371
0.82399
042427
0.42a50
0,224885
0.22513
0,42592
0.82%7)
VeQ2600
0,8263%0
€.A2659
0.82609
0.82718
0.082748
0.42778
0082008
0.32838
0.02869
002099
0+02929
0042960
0+48299)
0.483022
0483053
002308
0.,43115
0ea3t17
0,437
0.a3¢10

HEIGHT
(n)

0,7915%8
0,7927¢
0,79393
0,79%11
0,7962°
0, 7947
0,79864
0,79%82
0.80100
c. 80218
0,80339%
0,80453
0,00571
0,800689
0,808006
u,80920
0,010482
0,81100
e 01277
181398
0,01513
0,81831
0,817e8
0,810860
0,81984
0,82102
0,82219
0,82337
0,821%%
0, 82573
D HILY”
U, 82000
U,829v20
v,830aa
v.t3101
0,83279
U,83397
0,83%515
0,83032
0,83750
v, 83868
0,83980
0,8010)
0,84221
v,84339
0,84457
0,84574
U,8a0692
084080
0,04928
0,05048S
0,85163
V,05201
1,85399
0,85516
v,85634
0,85752
v,85870
v,85%907
U.8610%

DIAGONALIZATION
ANGLE
(radians)

9.78%40
$. 70840
90,7080
¢,78580
9.70840
0, 70%400
9,708480
..70500
0,70%40
0,70%40
9,78540
0,78%40
0,78%540
0,7054v
0,70540
0,708%4v
0,78540
0,78840
‘.7‘5‘9
90,7854
0,.78540
0,78540
0.78540
0,78840
0,78540
0.7854a¢
0.78%40
0.78540
9,78%4u
0,78540
0,78540
0,785
0,768540
0,7054v
9,708%540
0.78540
0,70854a0
0.708540
0.78%4au
0.78%40
0,78540
0.78540
0.,708q0
0.7854¢0
0,7854q0
0,78540
9,78%40
0,78%40
¢,78540
0,78540
0,70540
0,70540
0.785q0
0.708840
0,7854¢
0,78%40
0,78540
0,78%40
0,78540
0,7854¢
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TABLE 5-1,

9-3338

Design Data for the U.S. U-25 MHD Generator (cont)
AXIAL DIAGONALIZATION

FRANE D:STARCE WIDTH HEIGHT ANGLE
[ . .
NUMBER (a) (n) (a) {radians’
181 2,77333 0.43272 2,00223 9.78540
182 2.78%7 $.43278 0,8034) 0.78540
183 2.80002 0.43300 v, 80458 e, 70590
188 2,922% 0,83338 0,80570 0.78540
188 2.030M 0,4337) 0,80694 9.7854a0
180 2.,05%05 0+43Q03 0,86312 0.78540
1a? 2.871%¢ 0.4343%0 0,80929 0.7084¢0
T 2.,8877a 0483009 0,87087 0.70540
1Y 2.90408 0.8350) 0,8710% 09,7858
100 2.,92043 0043534 0,0728) 0,7854¢0
190 2.93077 0.43508 0,87400 0,78540
1e2 2.9531) 0.43601 0,87538 0,78540
193 2,969 04a%635 v 87030 0.7854¢
1o 2.9058~ 0e4300R 0.87751 0,7854,
198 3,0021% 0043702 0,8787) 0,785. ~
19% 3.,018a9 0.4373¢ 0,8798%9 0.785%40
19?7 3.0348)3 0.43770 U, 88107 0,78%4u
1o8 3,05118 0483000 0,8822% 0,7¢540
10* 3,06752 0443839 0,8834) 0.785¢&y
200 3,08387 0,43873 U 884060 ¢.78540
20! 3,1002) 0043718 088570 D, 18540
202 3,110650 vea39n2 v,880%0 0,78540
20% 3.13290 0083977 v,86811 0,78540
2090 3,3890 0044012 L8893} 0,78540
208 3,16559 0e84017 v, 89049 0,78540
200 3,18193 V.RAQRY 0, 89187 0,78540
207 3.19828 0,21118 n 8228% 0,78540
200 $. 21402 0484154 0,8240¢ n,7854a0
209 31,2319, Cy,a1tye U,R9520 0,.7858y
nv 3,2473; velI220 v, 89038 0.78%00
211 3.2030% vel1202 0,897%0 0,78S4u
232 3. 28000 Veqd298 C.09873 0,74%00
213 3,29%1%4 0441338 u,8999) 0,78%au
210 3.31208 0,80374 v,90109 0.78%490
2% 3,32%3 0,41508 v,90227 0,7054y
210 $,34537 0+2324% v,%03a1 0,78540
217 3.36172 0020q82 0,90402 0.78540
218 3.378¢00 049539 0,90580 0,788ay
22* 3.39an) 00445506 0,90098 0,7854a9
23¢ 3,4107% 0044592 0,90815 0,7856u
FHY) 3.427¢9 042463} 0,90933 0,70540
252 3.40341 0484069 0,91051 0,76549
233 3,45978 0.84707 0,91169 0,7884a0
238 3.47613 0.44745 0,91200 0.70540
238 3.49247 0.,44783 0,91400 0,78540
6 ¥,50b061 0.0482) 0,91522 0.78540
27 3.52%0 €,448060 v,910L40 0,79540
238 3,5415, 0,04899 10,9175 0,7654p
2. 3.5570y 0484939 0,9187% 0,785.40
20 3.57439 0484979 0,9199) 0,78540
iy 3.59053 0.4%5010 0,92118 0,785
ne 3.60088 0445050 0,92228 0,7054y
2 3,02322 0.4%098 0,92340 0.785490
e 3.639%7 0485130 v,924649 0,78%40
s 3.,0559) 0.,45178 0,9258¢ 0.7854u
2v0 3,6722% 0045219 0,92099 0,78%4ay
¢! 3,68300 0.4%200 'R F LTV 0.7854y
238 3,70094 0.453090 0,9293% 0.70540
249 $,%2129 0445342 v,93053 0,78540
240 3,737%63 0445308 V93170 0,78540
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TABLE 5-1. Design Data for the U.S. U-25 MHD Generator (cont)

AXIAL DIAGONAL 1ZATICN
FRANE DISTANCE WIDTH HEIGHT ANGLE
NUNBER () () () (-adians)
281 .753¢8 0.4542¢ 9,93200 9,70540
2al 717632 0.45000 8,9%40¢
24} 3,78000 9.45308 0.93520
2et 3.003¢03 ve45550 0,93041
228 3,013y 0.4359Q 0,937%¢
200 3.8357¢ 0.05632 0, %3877
27 $.08204 0.45670 09,9395
2a8 3. 86830 0.43719 0, %8142
Y 3.00a73 0.457¢} 0, %0230
2%0 3,910 9.43804 0, 94348
2! 3.91742 0.438%8 0, %4400
%2 3.9337 0.4509} [ 1))
<3 3.9%010 00859y 0,940}
2q8 3,904y 0449977 0, %819
%% 3.9827% 0s80021 0,%4937
% 3,9991a 0.80004 0,9595%
n? 4500587 2.40108 0,93172
20 4,03102 0.80153 0,932%
nY q,08017 0.40197 0,95408
20 4,00450 0.802%) 0,95%2%
21 4,0890¢ 040200 0,95643
203 4,0972¢ 0400331 0,95701
20) 8,11354 0.40370 0,95079
2ad Q,12%09 9.4042) 20,9599
209 8,16623 0.004807 9,% 114
t 18.4 4,16257 0.40512 0,%232
2a7 8. 37062 0.40558 0,%035¢
2.8 4,19520 8,80000 0,90807
229 4,21101 0,8065¢ 0,9658%
e 4,22795 0s800%7 u,9el03
21 4,28429 0.,8674) v, %P2}
292 q,2640a venbT% 9,96938 0.78%4¢0
293 9,270 0.89837 v, 97u% 0.78%a9
vil §,293%2 De83088, 0,97178 0,705
27 4,309%7 0,4093 6, 9729¢ 0.78% ¢
23 a,3200% 042097 0,974¢% 0.78%40
2? 3,342%0 o.87027 0, 97%27? 0, 78580
e & 23,3507~ 8.4707S 0,%70a% 0,785a0
2, . 37502 072y ?,97703 9.70580
e .31 0.4T1I N 0,97800 0,78580
281 4,4077) 0.47220 0,92998 0, 7084c
282 4,824¢7 0.87269 90,9011 0,7054ay
263 Q00062 0.47313 09,9023 0.79%8e
208 4,08807 9.47367 0,98351 0.78%48
Fy 8,97342 0.A70%0 0,90449 0,70840
0o 4,809 0.37460 8,%0%87 0, 70540
20? §,3957¢ 0.4751S v, 9870% 0.70540
2.8 4,92214 0,475e% 0,9%0822 0,783a80
2s¢ 4,330an 0.4701% 9,90%0
260 4,9%484 0.47600 8,99058
et 4,57117 0.47717 2,9917¢
202 1.507%) 0.07708 0, 99293 0,708ac
2e3 4,00307 0.4a7019 0,993 98,7088
290 0 02020 0-a787% 0,99%29 0,70%40
s 4,650 t.,47921 0,99627 8. 70540
290 [, 0.87972 V.997e0 e,70%40
kol 4,42°2) 0.4802% v 99082 ¢.73%a0
q,08559 v.a807Y 1,00800 0,78%00
20¢ 4,79192 “en813y 1.00118 9,70Sa0
Zev 6. 11820 0,28188 1,0023% 0,78840
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TABLE 5-1.

FRANE
RUMBER

9-3341

Design Data for the U.S. U-25 MHD Gemerator (cont)

\T'Y}
e 1]
h ]
S8
%09
3a®
Sa7

AXIAL
DISTANCE
(a)

4,73408
4,7509
a,70191
q.78304
a,79999
1,85634
4,03208
9,849%3
4,80537
14,8817
3.,8%000
q,91140
q,%%07¢
q,%799
1.96343
q9.,97978
3.9%012
S.012%
$,0208)
$.04515
S.00139
5. 7855
€. 2029
S.113%
S.13157
5.13913
5.1000])
S.18405
S, 213y
5,21073
Se” o4l
5,253t
S.2743)
5.2 139
$.3-44)
5.32138
S.33829
5,35514
5.3719¢
S.3"88
S, 1538
S,72202
S. 13800
$.3551)
$.27102
S, 18804
$.50442
5.5 73
53732
5-55,20
5.50942
5.5855%
S.60103
S.01700
5.03308
5,049%7
S, vbb4e
S.681%3
$,09719
5,7128%

WIDTH
(9}

ue0237
ved8293
0.908397
nea8avt
0490498
veal8Ste
0.50%00
104086218
0.28677
97.30733
2,38789
ve1088p
0.10902
4430960
0,19017
Lea907S
re19¢33
1049192
"-~925!
1429911
ceQ9373
14719838
UeR9502
"ed 9569
ve 19037
1e19708
1. 1977S
(039818
10 1991§
e 49988
1eS.N%9
VIR 1)
veSen0
“eS" 278
1456348
2.50482%
ue5ul97
0.50573
0.59098
ve56 728
L eHud0])
105 078
% e$1950
7051038
c 291014
1051193
1e5127%
1 e513%q
51838
Je$1Ste
ve51590
VQS'.”
‘ oS"”
51343
Le5192%
1032009
ve520V3
re92177
r 52203
veS2397

HEIGHT
(m)
1,00353
1,0047%
1,00589
1., v0700
1,00028
t,00942
1,01008
1,00077
1,0129%

1,00839
1,06948
1,070%9
1,07173
1,07287
1,074)3

OIAGONAL IZATION
ANGLE
{radians)

v.70540
0,78%40
0,70840
¢, 70340
0,78380
0,70540
0.70540
0. 783480
0.70840
98,1050
0,70580
9.78540
0.708%0
0,78540
0,78%509
0.78540
0.7050
0,7954¢
9,70%40
0,70540
80,7040
0,783503
b, 709008
0,77e%3
0. 7227
0.To0Ae
0,.76582
0,.:.228
0,7580>
2.7550%
B,7514%
V.T72783
0.74821
0.740%7
0.730%)
0.73320
0,22963
v.72597
0.7223%0
0,7109)
8.7159%
0.71125
0.707155
0,70384
0.7v013
0.0%481
0.09208
0.,08493%
0.08521
0,0814%
9.,6777¢
0.07198
0.07030
9,0003¢
0.0020)
0,0588)
0.0550¢
s.0%128
0,00739
9,04397
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TABLE 5-1, Design Data for the U.S. U-25 MHD Generator (cont)
AXIAL DIAGONALIZATION

FRANE DISTANCE WIDTH HEIGHT ANGLE
NUMBER (a) (s) (a) (radians)
78] o720 0.52342 107943 0,7 2%i%
o2 $.78422 0.5268¢ 1.,07668 0,433
3e3 $.75903 0.52030 1,97795 8.63207
$a8 $. 77540 0,52973% 1.07923 0,62023
%3 3.7909% 0.53116 1,00049 0. 02437
Lot $.00082 0.532%9 1.00175 0.6205)
14 $.02180 0.53004 1,0038) 0.01008
38 $.83720 0.53542 1,080 o.sl2M
T34 S,85201 0.53604 1,00552 0,40808
’,0 ’...'.’ 005”35 ‘..“', .....”
431 $,0832¢ 0.33908 1,008018 9.5010
322 $.0904% 0+54100 1,08923 .9%720
373 $.91303 0.512% 1,09049 0.59329
b 3 $,92079 0054388 1,09172 0.38938
375 5.9439% 6.5452% 1.0929¢ 0,50540
e $.95097 0.546063 1,00438 0,30159
0! S.97400 0.54802 1,09541 0.57708
£3 1) S, 9890§ 0,5894¢0 1,09600 0.373¢0
"7 $.003% 0.55077 1,0978% 0.56972
a0 ®,61807 0.5521% 1,09907 9.56577
$ 7] .0337, 0.553%52 1,10020 9,.50101
a2 s.08801 0.55408 1,10149 0.55708%
323 *.00341 0.55025 1,10269 9.55387
380 .07810 0.35761 10390 0.3%409%
2% $.09291 05589 o 10913 0.56592
e ,10762 0.56032 1,180%0 0.50194
sa? o, 12228 .50167 1.1075¢ 0.5379s
$a8 b.1%091 050312 1,10809 0.533%8
p V1 », 15351 e.50437 110907 0.5299a
Sel 0, 10007 0456570 1.11100 $.52%995
se! ®.187%9 VeS0T 1.1122% 0.52192
Se2 ©.195(F ve56838 1,11343 0.5178v
30} ©.,20950 0.5097) 1,11801 G.5138¢
et ©.223% e 57108 1, 01978 0.50988
308 €, 23030 057234 1,1169% 0.5058v
30 0. 2%272 veS736R 1.118)2 0.50170
so? . 26705 057500 1,11929 0,497
Seb ©,2013% 0.57632 1,12085 0.89300
i 134 9.29501 0.57763 f.12102 0.40908
71 ,3098% 0,570% 1.12278 0.485%8
(1] ®,32400 6,5802% 1,1239% 0.80¢87
8 ,33022 0,5015¢ 132509 0.47739
a3 ©.35237 0.5820¢ 1,12628 0.4733)
et 0,360008 v.58410 1.12739 0.00923
(T4] .3805¢ 0,50540 1.12058 0.,48515
Sob 0,39402 0.5807% 1,129 0.46105
a? €,20005 ©.50808 1,13000 0.4509%
8 $,82265 2.5993) 1,13198 0.8520%
o ,43602 0.590062 1,1331) 0.80875
ago +.45057 9.591%0 1.13428 0.00000
a1 . 80448 0.59318 1.13938 0,00052
0" $.4703¢ 0.5% 1% 14136851 0,83000
) 0,89222 CeS59S78 1.,13764 0.43228
(1) ¢,50600 0.5%701} 1.13877 0.82015
(11 ] 0,51987 0,5%020 1.13990 9.82002
age .5330% 959058 1,14002 0.81988
a? ., 5874, 0060082 1.08218 0.01870
030 .56118 060208 1.18326 9.83100
144 0.5748% 0.0033S 1,10437 9, 007480
(11 ,50655 0.6000) 1,16%549 0.%032¢
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TABLE 5-1. Design Data for the U.S. U-23 MHD Generator (cont)

AXIAL DIAGONALIZATION
FRANE DISTANCE WIOTH HE IGHT ANGLE
WUMBER (o) (s) (=) (radians)
(131 ®,00219 060880 114060 9.39912
a2 .01503 oeeeTI2 1.14772 0.394%
&3 $,6293)3 000838 1,1088) 0.3%8)
e 6.04302 0.60902 114993 0.30005
apS 6,065088 0.61088 115102 0.30248
49t o,07012 001212 1152108 0.57830
.51 6.68304 0.6.337 1415328 0. 37002
a $.09718 0.61461 1.,15438 0.309%9¢
a3 6. 71003 0,41508 1.15%40 0.3057%
e 6, 72000 0e01709 1.15658 0.36152
ayl 4,73749 €.61832 1415763 0,35738
ay2 4. 7509} 046195 1,195072 8.35319
(14} $.76429 202079 115901 9.3889%¢
ays ¢.77705 0.62202 116090 0.3aa79
ays ,79181 0.6232% 1.10199 0.3405%%
sy 6.80433 0.02400 $.10307 0.3303Y
"' ..'170. 0.62570 10400 9.33218
I‘. 6.83092 0620698 $.10525 0,.32797
(134 ..00019 0062815 116033 0.3287
030 ,8574% 0.62937 1.16711 9.319%8
@l ¢, 073008 0,63059 1.10848 0.31532
a2 0,088389 0.63180 1416950 0.31t10
43 $,89709 0+63302 lo17003 0.3uoBl
[T . %1027 0.63410 talT100 8.30205
(T} 6. 92342 0463514 tell2062 e.2904
g 6.9365¢ 0.63010 1,17356 0.2942¢
ay? ©,939%09 0,63%0¢ f 417049 0,20997
(T 5,%28~ Ge63801 1.17943 0.28%75
ay® ©,9759%¢ Veb3897 1e270%e ve28150
age 09,9809 e 639V 1247729 0.é7-20
g1 7,00203 venapBA 1alTR2¢ 0.27502
a2 7.01508 0s0n48" 14°79¢° 0.20878
a3 T.0201) 0068278 to100¢ 0.20858
s 7.08112 0.64373 $.18101 8,20830
(133 7.05413 060467 foib190 0.2%00%
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TABLE 5-2

The U.S. U-25 1-D Magnetic Field Distribution

Im) BT Xm)  B(T)
-1.5 0.1 5.1 1.99
-1.4 0.11 5.2 1.98
-1.3 0.12 5.3 1.96
-1.2 0.14 5.4 1.92
-1.1 0.18 5.5 1.88
-1.0 0.23 5.6 1.85.
-0.9 0.3 5.7 1.75
-0.8 0.39 5.8 1.62
-0.7 0.52 5.9 1.48
-0.6 0.68 6.0 1.38
-0.5 0.83 6.1 1.22
-0.4 0.97 6.2 1.12
-0.3 1.13 6.3 1.0
-0.2 1.28 6.4 0.92
-0.1 1.4 6.5 0.86
0.0 1.55 6.6 0.79
0.1 1.72 6.7 0.73
0.2 1.81 6.8 0.66
0.3 1.88 6.9 0.6
0.4 1.9 7.0 0.54
0.5 1.94 7.1 0.5
0.6 1.97 7.2 0.45
0.7 1.98 7.3 0.41
0.8 1.99 7.4 0.36
0.9-5.0 2.0 7.5 0.33
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Fig.3-1.Ax1al variation of open and short circuit variables in the U-25 at 50 kg/s
operating conditions.
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Fig. 5-5. Axial variation of the average gasdynamic variables in the U-25 at 50 kg/s
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Axial variation of the heat trunrfer parameters in the U-25 at 50 kg/s
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operating conditions.
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Fig. 5-18. Axial variation of the heat transfer parameters in the U-25 at 50 kg/s
operating conditions.
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Axial variation of Lhe optimization variables in the U-25 at 50 kg/s

operating conditions.

Fig. 5-20.
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Fig. 5-30. Axial variation of the optimization variables in the U-25 at 50 kg/s
operating
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6.0 PERFORMANCE OF NASA-SPECIFIED 500 MW(th) MHD GENERATOR

6.1 Channel Characterization

The full >ad operating characteristics of the NASA-
speczified 500 MW(th) MHD channel are given in Table 6-1. The
generator is defined to be square, i.e. rectangular with aspect
ratio of 1.0, from inlet to exit. The axial distribution of
magnetic flux density increases from 4 T at the inlet to 6 T at
2.5 m from the inlet, then decreases linearly to 4.6 T at the
exit of the generator. A list of the thermodynamic data to
define the working fluid for this NASA-specified 500 MW, th) MHD
channel are given in Table 6-2. The specifications contained
in Tables 6-1 and 6-2 may not be consistent, i.e., it is
possible that not all of these specifications can be attained
simultaneocusly.

6.2 Generator Inlet Plane Electrical Conductivity

Calculations

The specifictions of the working fluid and inlet
thermodynamic and fluid mechanical conditions, given in Tables
6-1 and 6-2, were reduced to species inlet mole ratio, listed
in Table 6-3, and inlet thermodynamic conditions. The thermo-
dynamic conditions are inlet static temperature of 2710 K and
inlet static pressure of 4.35 atm.

The inlet transport and thermodynamic properties for the
NASA-specified 500 MW(th) MHD generator have been computed with
a zero-dimensional, equilibrium method using the STDNASP code
from the STD THERMODYNAMICS family of codes. For tl}-se
conditions, the inlet thermodypnamic and transport data are

20

electron concentration of 2.71 x 10 electrons/m3 and

electrical conductivity of 6.83 S/m.
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Even with equilibrium chemistry, the conductivity in the
inlet plane is more realistically a function of the
distribution of static temperatures and pressures and also a
function of the distribution of current. Since the electrical
conductivity is approximately an exponential function of
temperature and the electrical current raises the electron
temperature, both of these two important effects will raise the
value of average <lectrical conductivity in the inlet plane
above that computed with the zero-dimensional, equilibrium
code.

For example, at the 0.813 m station (inlet plane) of the
HPDE the average electrical conductivity from computation
CHPQUUUJBO is 10.4 S/m, and the electrical conductivity
calculated for the average static temperature and average
static pressure is 9.46 S/m. Thus, for this example, the
multidimensional, nonequilibrium code computes an average inlet
conductivity which is 10.6% higher than would be calculated by
a zero-dimensional method. In another example, taken from the
inlet plane of the Mark VI-C simulation STD68830HI, the average
conductivity is 12.4 S/m and the zero~dimensional conductivity
at the average static pressure and average static temperature
is 12.2 S/m, a difference of only 2.0%.
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TABLE 6-1

Full Load Operating Characteristics
For a NASA-Specified 500 MW(th) MHD Channel

1. Channel mass flow rate: 97.5 kg/s
2. Channel inlet average stagnation pressure: 6.5 atm
3. Channel inlet average stagnation temperature: 2837 K

4. Channel inlet height: 0.51 m

5. Channel inlet width: 0.51 m

6. Channel length. 14.8 m

7. Faraday load factor: 0.85
8. Channel inlet average mach number: 0.85
9. Burner and nozzle heat loss: 21 MW

10. Slag heat loss: 3.7 MW

0-4364
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1. Coal and Ash Analysis

0-4365

A.

B.

C.

TABLE 6-2

Thermodynamic Data to Define the Working Fluid
For a NASA-Specified 500 MW(th) MHD Channel

Proximate analysis, weight percent

Moisture

Volatiles
Fixed Carbon

Ash

22.7
29.4
39.2

8.7

Ultimate Analysis, weight percent

Ash

Hydrogen
Carbon
Nitrogen
Oxygen
Sulfur

6.0
52.1

0.79
31.5

0.85

analysis, weight percent

sio,,
Al,04
Fezo
Ti0,
P,0¢
CaO
Mgo
Nazo
K50
S04

3

37.6
17.3
5.1
0.7
0.4
11.0
4.0
3.1
0.5
17.5 (assumed redundant)
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TABLE 6-2 (Continued)

D. Heating values
wet 20.73 MJ/kg
dry 26.87 MJ/kg
E. Coal dried to 5.0% moisture
F. Coal injected at 300 K

G. Coal carrier gas: none

2. Oxidizer
A. Air composition of 300 K, 0.0132 kg H20/kg dry air
B. Oxygen enriched to 35% O2 by volume

C. Preheat to 922 K

3. Seed
A. 1% K by weight of channel mass flow rate
B. 0% by weight K,80,

C. 100% by weight K,CO

2773

D. anhydrous K2C03
E. Seed temperature at 300 K
F. Seed injected downstream of ash removal

G. Seed carrier fluid: none

4. Combusrcr
A. Ash removal of 65%

B. Oxidizer/Fuel stoichiometric ratio of 0.90

5. Pilot

A. None

0-4366
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TABLE 6-3

List of Species Used to Define the Working Fluid
at the Inlet of the NASA-specified 500 MW(th) Generator

Species Mole Ratio
Cs5.3302 Ha.2192 No.0693 S0.0326 Q0.8716 1-0000
810, 0.0269
Al504 0.0064
MgO 0.0037
Ti0, 0.00033
Ca0 0.0074
Fey04 0.0012
P 0.00022
Nag0 0.0019
K,COq 0.0708
S04 0.0082
N, 9.6694
0y 5.3397
Hy0 0.542
0-4347



7.0 SCALE-UP CONSIDERATIONS FOR MHD POWER TRAINS

In order to put the critical phenomena and the
performance obtained to date in the power trains discussed
above into the context of the overall development program for
MHD power generation, it is necessary to consider the scale
dependence of the performance and behavior of MHD power trains.
In [7-1], STD Research Corporation outlined convenient
interaction parameters for correlating the performance and
behavior of high interaction MHD power trains. These
interaction parameters and the appropriate measures of power
train performance are defined in Table 7-1. Case F of [7-1] is
the original '"Revision 7-C" design conditions of the U-25
generator. Case r of [7-1] pertained to the "Revision 4", "hot
wall" design conditions of the AEDC/HPDE. The scale dependence
of the performance of these two devices, relative to power
trains ranging from the smallest (UTSI) to the largest
commercial scale power train (the "STD Benchmark Power Train"),
are depicted in Figs. 7-1 through 7-4 and 7-6 through 7-8,
which are reproduced from [7-1].

In addition to the quasi-three-dimensional calculations
discussed in [7-1], STD Research Corporation, under U.S.
Department of Energy Contract AC-01-79ET15501 performed a
series of calculations for cases B, C, F, and G in order to
elucidate the scale dependence of other critical phenomena
besides those considered in [7-1]. These phenomena included
quantitative calculations of the scale dependence of secondary
flows transient behavior, part load operation, and the effects
of alternate cross-sectional shapes on channel performance.
While the results of these additional investigations into the
scale dependence of these phenomena did not generally yield as
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simple and as elegant correlations as were obtained in [7-1], a
number 0of interesting and important relationships were observed
which will be described in the present section.

This section reviews the AEDC/HPDE performance to date
in the context of the scaling parameters presented in Figs. 7-1
through 7-8 and reviews the additional investigations carried
out under Contract AC-01-15501.

7.1 AEDC/HPDE Performance to Date

Figs. 7-1, 7-2, 7-3, and 7-4 summarize the electrical
performance obtained by the AEDC/HPDE to date. It is observed
that, at a magnetic field of 3.27 T, the HPDE has achieved
approximately half of its original design goals. 7he enthalpy
extraction rate is approximately 8% instead of 16%. The
isentropic efficiency is approximately 37% rather than
approximately 60%. The specific energy extraction is
approximately 0.45 MJ/kg versus approximately 0.86 MJ/kg. The
interaction parameter based on pressure obtained to date is
approximately 0.99, which is the highest interaction parameter
based on pressure achieved in modern experiments aimed at
commercial power gen<eration. This interaction parameter is
ccmpared to the original design interaction parameter of
approx.mately 1.8.

Fig. 7-5 shows the development of the axial vel_.city
profiles between the electrode walls and between the sidewalls
in the Run 006-014 Q3D simulation CHPQUUUJBO. (The first three
profiles are offset from the main channel outline due to a
plotter error.) The development of the 15% sidewall overshoots
at the exit of this generator are consistent with the

intceraction parameter based on velocity, Su’ of aprroximately
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2.2, which is obtained in this experiment. (As pointed out in
[7-1], supersonic generators have lower interaction parameters
based on velocity for a given interaction parameter based on
pressure. The design value of interaction parameter based on
velocity is in excess of 10, because the original design was
based on subsonic flow.) The ratio of the sidewall displace-
ment thickness to the average electrode wall displacement
thickness is exhibited in Fig. 7-6. It is clear that the
AEDC/HPDE experiment has already achieved negative displacement
thickness at the exit of the generator, according to the Q3D
simulation. If properly instrumented with pressure probes, the
experiment should be able to observe velocity overshoots under
the Run 006-014 ccnditions. Fig. 7-7 shows the dependence of
total channel Dblockage at the exit of the generator. It is
seen that the AEDC generator performance to date has nearly
passed the milestone of 2zero blockage at the exit of the
channel. Finally, the average skin fric .on coefficient
throughout the generator is exhibited in Fig. 7-8 as a function
of the interaction parameter based on velocity. It is seen
that the sidewall friction, while greater than the electrode
wall skin friction, has not reached the steep part of the curve
associated with very strong velocity overshoots on the
sidewalls.

It is evident that the AEDC/HPDE offers an early
opportunity to study multidimensional phenomena in high
interaction MHD devices. Many of the effects which are
predicted by the STD/MHD codes will become important as the
interaction 1level of the _AEDC/HPDE is increased from its

present levels.
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7.2 Optimum Mach Number Distribution and Its Effect on

Part-Load and Transient Behavior

The Mach number distribution determines performance
because the power density falls dramatically on either side of
an optimum Mach number value. The optimum Mach number is
determined by the thermodynamic and transport properties ot the
working fluid and the stagnation conditions at each generator
station. A series of part—-load and off-design calculations
performed by STD illustrate the impact of the Muich number

distribution on generator performance.

Critical phencmena related to the optimum Mach number
distribution and its effect »n part-load and transient behavior
were deduced by analyses and evaluation of computations with
the TRANSIENT family of codes which were completed under
Contract AC-01-79ET15501. A diagram which schematically
presents the logic of the variations of the part-load and
unsteady cases which were completed with the TRANSIENT code
family under is given as Fig. 7-9. For each of four channels
with thermal inputs of 20 MW, 50 MW, 300 MW, and 2000 MW, a
nominal steady-state solution was computed. These steady-state
solutions were the starting point of the following variations:
(1) 5% step reduction in mass flow, (2) + 5% sine wave input 1n
mass flow; (3) 30% quasi-steady mass flow reduction; and (4)
30% instantaneous load reduction. The electrical connection of
each channel was then redesigned from Faraday to diagonal or
diagonal to Faraday and the 30% quasi-steady mass flow
reduction cases were calculated. A 1list of the final
computations performed for these cases is presented 1n Table
7-2.
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The Mach number distributions for these channels during
mass flow rate reduction are displayed in Figs. 7-10 through
7-17 for both the nominal electrical connections and the
alternate electrical c¢onnections. For the 300 MW Faraday
connected channel, the mass flow linearly decreases from 100%
to 70% over the 300 ms time ringe of the computation, as shown
in Fig. 7-14. For this case, the flow starts out almost
entirely subsonic. As the mass flow rate decreases, the small
supersonic region becoiles subsonic and the Mach number at each
station in the entire flow field decreases.

The Mach number distribution for the 50 MW Faraday
connected channel 1is shown in Fig. 7-13. This channel 1is
initially completely supersonic with a shock near the end of
the diffuser. As the mass flow rate decreases to 70% of its
initial value, tne Mach number throughout the channel
decreascs. The Mach number at the channel entrance decreases

only 0.3% but the Mach number at the channel exit decreases by
12.5%.

A correlation of the normalized gross power to
normalized mass flow rate for the four channels is shown 1in
Figs. 7-18 and 7-19. The reduction in power follows very
closely the reduction in mass flow, except in the case of the
50 MW(cth) channel. The power output of the 50 MW(th) channel
remains high as the mass flow decreases because its profile
does not go far from optimum.

As the mass flow rate varies, so does the combustor
pressure and the required compressor power. The combustor
pressure is given as a function of normalized mass flow rate
for the 20. 50, 300, and 2000 MW(th) flow trains in Fig. 7-20

fcr the nominal electrical hookup and in Fig. 7-21 for the
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alternate electrical hookup. The net power is given as a
function of normalized mass flow rate for the 20 and 50 MW(th)
flow trains in Figs. 7-22 and 7-23. The normalized net power
is given as a function of the normalized mass flow rate for the
300 and 2000 MW(th) rlow trains in Figs. 7-24 and 7-25.

The relationships between gross power per unit mass flow
rate (specific energy extraction) and the product of
interaction parameter and electrical efficiency are shown in
Figs. 7-26 and 7-27. For each channel, a trace is shown which
describes the result of linearly decreasing the mass flow from
its nominal value to 70% of the nominal. For the two subsonic
channels, nominally 300 MW(th) and 2000 MW(th), both the
specific energy extraction and the interaction decrease as the
mass flow ratc is reduced. This is attributed to the departure
of the channel Mach number distribution further from the
optimum distribution. Conversely, for the two supersonic
channels, nominally 20 MW(th) and 50 MW(th), tae specific
energy extraction and the interaction increase with decreasing
mass flow. This effect is attributed to the fact that ttre
Mach number distribution for the supersonic designs of the
small channels approaches the optimum Mach number distribution
as the mass flow rate is reduced. These results point to the
maintenance of the optimum Mach number distribution as an

important consideration for MHD generator load following.

The relationship between power output and the specified
mass flow which varies sinusoidally with a + 5% amplitude, 1s
given for the nominal 20 MW(th), Faraday-connected case in Fig.
7-28 and for the nominal 300 MW(th), Faraday-connected case in
Fig. 7-29. These figure< show both the relative amplitudes and
the phase difference between the mass fluctuation and the

resulting power fluctuations.

288



7.3 Effect of Alternate Cross-Sectional Shapes on Channel

Performance

The effects of alternate cross-sectional shapes on
¢ 1 performance were deduced by analysis and evaluation of
cciu, cvations completed under Contract AC-01-79ET15501 with
codes from the Q3DYZ of the Q3D Family of codes. A diagram
which represents schematically the variations of the cases

which were completed is presented as Fig. 7-30. “cr eaci of
four channels with nominal thermal inputs of 20 50 MW, 300
MW, and 2000 MW, three axial stations were chosen analysis.

These three axial stations were chosen to be representative of
the front end, middle, and the back end of the channels. At
each of these stations and for each channel, three different
cross-sectional shapes, rectangular, hexagonal, and elliptical,
were considered. Therefore, there were 36 cases completed. A
list of these computations is given in Table 7-3.

The Q3DYZ code has been applied to apalyze Faraday,
diagonal-concucting~-wall, ani insulating-wall-diagonal
channels. For the computations listed in Table 7-3, the 20 MW
and 2000 MW generators are Faraday-cnnnected, the 50 MW(th)
generator is a diagonal-conducting-wall generator, and the 300
‘W generator is an insulating-wall-diagonal.

At each station in each channel, the load factor,
enthalpy flux, magnetic field strength, average static
pressure, wall temperature, anode-center boundary layer
thickness, cathode-center boundary layer thickness, sidewali-
center boundary layer thickness, electrode center wall
temperature, ana sidewall-center wall temperature were the same
for each different geometry. At each station in the 20, 50 and
300 MW(th) channels, the cross-section.l area and aspect ratio
were also the same for each geometry.
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The geometrical definitions used for the hexagonal,
rectangular, and eliipticil shapes of these computations are
given in Fig. 7-31. For all hexagonal shaped channels the
included electrode angle was 120 degrees. For the 20, 50, and
300 MW(th) channels, th= angles subtendec 'y the electrodes for
the elliptical shapes were the same angles, as measured from
the center point in th2 channel, as for the corresponding
rectangular shapes. For the 2000 MW(th) channel, the hexagonal
cases were regular hexagons and _‘he elliptical cases had aspect
ratios of unity (i.e., circular).

The data which have been compiled for the 36 cases are
listed in Tables 7-4, 7-5, 7-6, and 7-7 for the 2", 50, 300,
and 2000 MW(th) channels, respectively. The data which are
listed in these Tables are run identifier, shape, axial
location, magnetic field, load factor, diagonalization angle
(for the diagonally-connected channel), aspect ratio, cross-
sectional area, cross-sectior perimeter, enthalpy flow,
enthalpy flux, average static pressure, average static
temperature, core static temperature, average axial velocity,
core axial velocity, average electrical conductivity, core
electrical conductivity, average Hall paramcter, electrode wall
temperature, sidewall temperature, anode boundary layer
thickness, cathude boundary layer thicknezss, sidewall boundary
layer thickness, Hall field, Faraday voltage, lcad currer.,
power output, internal resistance, plasma nonuniformity factor,
and two power production parameters, C25 and C26' The power
production parameter C25 is defined as the power divided by the
product of load factor, one minus the 1lnad factor, core
electrical conductivity, magnetic field squared, core a.lial
velocity squared, and the cross-sectiona’ «rea, and this
parameter represencs the performance at the stition relative to
an ideal channel with no thermal or velocity gradients. The
power production parameter C26 is defined as the power dividerd
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by the product of 1load factor, one minus the load factor,
average electrical conductivity, magnetic field squared,
average axial velocity squared, and the cross-sectional area;
this parameter represents the performance at the station
relative to 2 simplified one-dimensional model.

The analyses and interpretations of the computations
with alternate cross-sections have resulted in the following

implications:

(1) Some of the inefficiency caused by conductivity
nonuniformity can be removed by appropriate choice of a channel
cross-section. The larger the nonuniformity factor 1in a
particular rectangular channel, the larger the potential gain
which can be obtained with a nonrectangular geometry. As the
nonuniformity factor increases with axial distance down the
channel, the improvement in Lower obtained from nonrectangular
geometry should also increase with axial distance.

In order to obtain the potential 1increase 1in
performance, it is necessary to choose a geometry so that the
boundary layer voltage drop is minimized, but not a geometry
which causes the power producing core to become shorted out.
An incorrect choice of geomctry for a particular case can
result in none of the potential gain from being exploited. In
most cz3es, the potential loss from an inappropriate choice of
geometry is much greater than the potential gain from an
appropriate choice.

An example of the reduction of the boundary layer
voltage drop is given with assistance from Figs. 7-32 through
7-35. The isopotentials and current streamlines for the 2 m
axial station of the nominal 50 MW(th) channel are given for
the rectangular cross-section in Figs. 7-32 and 7-33,
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respectively. The isopotentials and current streamlines for
the corresponding elliptical cross-section are shown in Figs.
7-34 and 7-35, respectively. The region of voltage drop near
the anode and cathode is much larger for the rectangular case,
Fig. 7-32, than for the elliptical case, Fig. 7-34. The peak
potential (at the zero field point) for the cathode region in
the rectangular case is 32 V, and the peak potential for the
cathode region in the elliptical case is 17 V. That is a
difference of about a factor of two.

(2) The geometry (cross-sectional shape) that
improves the performance of one particular channel can yield
poorer performance than the rectangular geometry for a
different channel.

The optimum geometric shape is a complex function of
many parameters (boundary layer thicknesses, wall temperatures,
Hall parameter, to name a few) and the substitution of this
shape into a different channel with different values for these

important parameters will yield different results. An
illustration of this can be found with the hexagonal shapes for
the 20 MW(th) and 300 MW(th) channels. For each of the

stations for the 20 MW(th) channel, the hexagonal case had
better performance than the corresponding rectangular case, but
for each of the stations for the 300 MW(th) channel, the
hexagonal case had worse performance than the corresponding
rectangular case.

(3) As shown by the results for the 50 MW(th) channel
cases, compared to the results from the three other channels,
the electrical performance of a completely diagonal-conducting-
wall channel is not as strong a function of cross-sectional
shape as for the insulating wall Faraday-connected channel.
Since the diagonal-conducting-wall channel has all walls as
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conductors, the current can enter the walls where it is most
efficient for the particular geometry and distributions of
plasma properties. However, this does not say that the DCW
channel is better than a Faraday-connected channel.

(4) Geometrvies which have less surface-to-area ratios
and larger hydraulic diameters than the rectangular cross-
sectional shape, but have the same area, have smaller losses
due to heat transfer to the walls, wall shear stresses, and
viscous effects. For particular cases, each of these three

losses can be simultaneously decreased by over 10%.

(5) Geometries which allow the current to enter the
electrodes parallel to the magnetic field have a lower internal
plasma impedance. The lower internal plasma impedance can be
utilized to improve the performance of the channel.

An example of the effect of lower plasma impedance is
given with assistance from Figs. 7-36 through 7-39. The
isopotentials and current streamlines for the 1 m station of
the nominal 20 MW(th) channel are given for the rectangular
cross-section case in Figs. 7-36 and 7-37, respectively. The
isopotentials and current streamlines for the corresponding
hexagonal cross-sections are shown in Figs. 7-38 and 7-39,
. espectively. As shown on Fig. 7-37, the current enters the
electrode nearly perpendicular to the magnetic field for the
rectangular case and, as shown on PFig. 7-39, the current enters
the electrode nearly parallel to the magnetic field for the
hexagonal case. The internal resistance of the hexagonal case,
illustrated by Figs. 7-38 and 7-39, is 32% less than that for
the rectangular case. At the same Faraday load factor of 0.5
(for maximum power production), the Pa.aday voltage is 13%
lower for the hexagon, but the load current is 28% higher, so
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that the power output is 12% higher for the hexagon than for
the rectangle.

Although the cases represented in Table 7-3 and Fig.
7-30 define a systematic approach to analysis of the effects of
cross—-sectional geometry, the detailed analyses performed to
date have not resulted in complete and wunambiguous
interpretations which are applicable in all cases. These
calculations of performance with variable cross-sectional
shapes did not include sufficient parametric variation and were
applied over too great a range of conditions to obtain regular
trends with scale and position in the channel. It is probable
that many of the elliptical or hexagonal cross-sections with
lower performance than the rectangular design values could be
optimized to outperform the rectangle when additional
systematic parametric variations are considered. In addition,
other cross—-sectional shapes (e.g., octagonal) may provide
better performance than any of the three shapes considered.
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TABLE 7-1
Interaction Parameters and Performance Indices for
Evaluation of MHD Generator Performauce Scaling

Interaction parameter based on pressure
L J B

1 = [ X ax
P
Interaction parameter based on velocity

2
- oB
Su = L —pU

Generalized nonuniformity factor
G=g + (g-1B%)

where g = (o)(1/e)

Electrical conversion efficiency

-_—

J - E
T . (T x B)

ne=

Isentropic efficiency

P
(AaH)

isentropic

Enthalpy extraction ratio

P power out
mHo thermal power in

Specific energy extra-tion

3|9

power per unit mass flow rate
0-4354
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TABLE 7-3

Axial
Location

(m)

0.50
1.00
1.49
0.50
1.00
1.49
0.50
1.00
1.49

1.00
2.00
3.00
1.00
2.00
3.00
1.00
2.00
3.00

2.00
3.50
5.00
2.00
3.50
3.00
2.00
3.50
5.00

4.00
7.50
11.00
4.00
7.50
+1.00
4.00
7.50
11.00

List of Final Q3DYZ Computations Performed Under
Contract AC-01-79ET15501
Nominal
Thermal Cross-
Flux Sectiocnal
Run Date (MW) Shape
BRCYCHPIFC 17 June 1979 20 rectangle
BRCYCuAIFQ 17 June 1979 20 rectangle
BRCYCJCIFQ 17 June 1979 20 rectangle
BRCYCISIFQ 17 June 1979 20 hexagon
BRCYCIUIFQ 17 June 1979 20 hexagon
BRCYCJKIFQ 17 June 1972 20 hexagon
BRCYCIQIFQ 17 June 1979 20 ellipse
BRCYCIWIFQ 17 June 1979 20 ellipse
BRCYCJFIFQ 17 June 1979 20 ellipse
BRCYBIEIFQ 17 June 1979 50 rectangle
BRCYBIIIFQ 17 June 1979 50 rectangle
BRCYBIQIFQ 17 June 1979 50 rectangle
BRCYBHFIFQ 17 June 1979 50 hexagon
BRCYBILIFQ 17 June 1979 50 hexagon
BRCYBIMIFQ 17 June 1979 50 hexagon
BRCYBHQIFQ 17 June 1979 50 ellipse
BRCYBRNIFQ 17 June 1979 50 ellipse
BRCYBIOIFQ 17 June 1979 50 ellipse
BRCYBGLIFQ 17 June 1979 300 rectangle
BRCYBGBIFQ 17 June 1979 300 rectangle
BRCYBFZIFQ 17 June 1979 300 rectangle
BRCYBGHIFQ 17 June 1979 300 hexagon
BRCYBGFIFQ 17 June 1979 300 hexagon
BRCYBFLIFQ 17 June 1979 300 hexagon
BRCYBG.JIFQ 17 June 1979 300 ellipse
BRCYBGDIFQ 17 June 1979 300 ellipse
BRCYBFXIFQ 17 June 1979 300 ellipse
CHRQBUEIF3 29 June 1979 2000 rectangle
CHRQLNIIF3 29 June 1979 2000 rectangle
CHRQBVFIFS 29 June 1979 2000 rectangle
CHRQEHRIF3 29 June 1979 2000 hexagon
BRCYEHPIF3 23 June 1979 2000 hexagon
CHRQBXJIF3 29 June 1979 2000 hexagon
CHRQDWBIF2 28 June 1979 2000 ellipse
BRCYHQJIF2 28 June 1979 2000 ellipse
BRCYINQIF2 28 June 1979 2000 ellipse
0-4368

299



[ AR
61°1
0£°1
6Z°1
61°1
e 1
61°1
S1°1

0Z°1

FS°P1
£9°v1
or'et
/Y491
2e°61
£6°V1
1£°91
L8°%

19°61

w/g

Z6L°0
f£PR°0
L9L°0
GLL'O

1v8°0

N
o
~
o

o¥8°0
ZL8°0

fER°O

RL 6
et
1t
26°01
69°%1
v et

XAk A ¢

w/g

9>

16£°0
vee o
Sov°o
6Ffv°0
8L%°0
vv°0
LES D
99G6°0

S¥S°0

20L1
£0L1
8691
SL91
€L91
6991
86G1
¥6S1

%6ST

s/w

9761~
(A1 3 O
0° b0z~
6°G81~
6°0F T~
6°S02-
0 LLT-
LA 4 &
R V61—

w.

Tn

8LPT
6LP1
Z8v1
08Y1
[4:1 41
14:1 41
6b%1
26v1
1 41 A¢

s/uw

<>

NOILVHOJEOD HOUVIS I o hum

009°0
1L9°0
009°0
1%L°0
LEL 0
ZiL"0
98G°0
86G°0

G9G°‘0

w/an

Jamod

S9L 1~ 0Obf- OORf-
9272°7- 10£- G6LR-
91L°T- O0Sf- PpIff-
966°1- T.Lf- BRIf-
LLE*Z- GER-  9BOb-
098°T- £8F- L£GE-
618°1- ZzZ8~- L1G2-
S10°Z2~ L6Z- 97L2-
0L 1- ZRf- 9162~
w/yy w/A

T, 4 X,

veer veae
L A N A £
var  veIf
1°v2 8°12
1°%2 817
T°v2 8°12
9°'ST 9°f1
961 9°f1
9°G1 9*'r
wu unu
ﬂm d@

(panutjuod)

6°v1

6°F1

6° b1

0GseLt
0osLT
0Ge
aseLl
aceLl
0osLt
0GLl
[o1F A |

0sLl

Sm

0sLt
0s2t
0sLt
0GL1
nseLt
[12:7
0sLt
(17 A

0OGLl

er9°7
1r9°z
ez
0LF 2

692

Tauuey) A:uvhi 07 TBUTWON 3yl W2I] [0GGTLARL-TN-OIY ID®RIIUO)
13puUn pawloyaad suotrivindwon 7ZAARH wolx) wvieq

6092 1162 18°€CF
019z 1187 L°°fb
2092 80SZ L£°f¥
9992 GLGZ ¥E°8S
£992 £LGZ 6£°8S
9692 2162 6E£°'RS
LELZ 692 GCB°S8
[£L7 9GS97 GB8°CR
RZLZ GGOZ GR°GH

b b Bd%

"1 <> <d>

1auury)

V=L AIAVL
L'IES  SI'PI  065°0
LIRS 8I'PT  Z19°0
L°1fS  BI*BT 299°0
~*1ZL  L9°bPl  $ZS°O
S'1ZL 1L°B1  2¥S°0
S° (2L TL'P1 QRGO
L°2R01 22°ST OLP'O
L2801 GZ°Gl 2Lb°0
L°ZEOT GZ°ST O01S°0
25/ W an w
xnidy, H d

Lz0°

0

L70°0

L20°
070"
0z20°
0z20°
s10°
St10°

s10°

a
v

(¢}

0

0

(o}

0

0

v

w

RLS"1
BLG T
8LG°1
cc8° 1
GGR" Y
sG8° 1

M/H

00S°0 vweE°7
nosS°0  wve°z
N0S°0 bve°2
0050 9L°2Z
0060 922
00S°0 9L°2
00S°0 99°2
00S°0 99°7
00S°0 99°7

1

mx q

Japun pawao}lad suoii1viIndwo) ZAard woa3 wvieq

v=L A18VL

(Ul)AN 07 TBUTWON 3yl WOJJ TOGGTIA6L-TO-IV 10BIIVOY

v6b°1 ~dry(a
LG *xay
peb"1 "1Dax
966°0 °dr11?
9R6°0 " xay
966°0 -103x
R6p°0 *dir18
R6b°0  °xay
R6Y 0 103

w

X adeyg
v6p-1 *ditie
[ G128 SIS £ 11
VrQV-ﬁ * 31031
966°0 *drtiia
966°0  *xay
966°0 *123J
|6v°0 ‘drire
|86b°0 X3y
860 -1da4

w

X adeyg

BAT4rIA0HE
ERS TeY bor 1|
BATOrOKINA
HATMIDAONEA
BAILIDADYS
HA1YrdAdua
BIIBINADUE
BIISIDAOMA

HATdHDIAONE

uny

HATILDIAOHS
BATULDA MY
HAIOroAONe
ANATMIDADHE
B4IrIDADNA
BITVYLOAONY
dAIBIDAOUG
DA ISIDADHE

BATJRDADNE

uny

05€4-0

ORIGINAL PAGE 1

POOR QUALITY

0l

300



090°1
£60°1

280°1

620°1

a90* 1

fG0° 1

z200°1

o%0° 1

GR0° 1

9

96°'6  $GZ°'9
90°01 PRI’9
G9°'6  ¥80°'9
orT°11 GSb°2L
66°0T OFfE*L
9Y°01 60Z°L
G9°11 6vS°8
9Z°11 LOE°R
GO°11 061°8
u/s w/g
“» <>

NOHIBHOJUOD MOUVISIY o.h-m

£96°0
S16°0
vZ26°0
2L6°0
8L6°0
Sv¥6°0
866°0
196°0

996°0

97

FAN A
|8FP1
£EPT
96T
[ L33
06%1
L6%1
£6b1

o8v1

RZH
90%°0
GZ%*0
G8Y°0
RAV 0
28%°0
L TR
£9S6°0

zLG°0

SZ

12¢1
zael
vl
YA
2621
»621
LZET
ofel

(A% 3

s/w

<n>

SET’9
£21°9
2%Z2°9
122°S
128208
Z68°6
| 40 4
vy

fREP

w.g

1/°%

9692
vaLe
L1L7

viLe

L10°T Z°.0b T°08d- B86BZ- G'1G Z°P9 G°¥Y 0OGLT 0OGLY
626°0 8°66F 0°0L9-~ 8bPPZ- G°IS 2°v9 G'b9 O0SLT 06GLT
926°0 b°C6E G°'GRG- KBHZ- C°1S Z°P9 GC°t9 0GLT 0SLY
$02°1 6°L.F b°169- 61G6Z2- 0°7F 2°8p 8°6F 0SL1 0SL1
RPI°1T 6°GCOF H°899- 69v%- 0°2b 7Z°8b RB°FH  0GLT 0GLIT
ZHI°T 1°09% 9°f09- 18bZ- 0°2b 2°8v 8°fp O0SLT O0GLT
111°1 £°Z1S 0°86G- 6912~ 8°RZ P°RZ L°8% 0GL1 0621
LP0°1 1°26F L'99S- RZI2- 8K°82 bv°8Z L°8% O0OSLT 0SLT
1¥0°T FR-L8F ['27%G- ORTZ- 8°RZ  H°KZ  L°RZ  0SLT 06L1
w/ MR v . w/A wuw e ury b b
Jamog Ju .m> Kﬁ s 9 .ﬂ@ O@ w:.._.. OB.H
[4 BQ::«»:OUV
12uuey) (Y1)MR O TBUTWON 3yl WOJdJ TNGSTLARL-TO-DV IDBIUO)H
Japun pawlojaad suoijewindwo) ziaed wolj wiwa
-1 FIAVL
16¥Z2 0°9L £89  L8°01 LL8°0 090°0 bH6Z°1 00S°0 1998°0
18¥2 0°9L FR9  G6°Ob FIG°0 080°0 b62°'T 00G°0 1998°0
06v7  0°9L £R9 G6°0b KRE*0 090°0 ©6Z°1 005°0 1998°0
6867 b b6 G16 8P 7F GRL'0 9B0°0 I0S'T 00G°0 GZZ6°0
LGGZ b°P6 616 9¢°2v IR0 9¥0'0 10G'T 00S°0 SZ26°0
9547 b v6 616 LS°'Zb 6BLR'0 9PO'0 105°1 00G°0 GZZE'0
pR97 £°621 TIST 8Z°vb 969°0 PFO0 6Z8°1 00G'0 £786°0
0f9Z £°A71 TIFT 9€°by £1L°0 ¥E0°0 BZ8°1 00G°0 £2Z28B°0
089z €£°6721 TIRL LE°bb 0LL°0 BEO'0 6Z8°T 00S°0 €£286°0
b R Ne\== AW w -
<L> <d> Xty H d v M/H 5 guwl

1auuwryn (YI)MN 0 TBUTWON 3yl WOl [0GSTLIGL-TN-DV 108BIIUOCH
Japun pawiojiaqd suotrimindwo) ZAARD wold] BIBA

S-2 3TAVL

[A: T
09L"1
0L 1
9ps° 1
PG 1
L A4 D¢
LTl
[AA B

[AA RS

>

8L°7
RLZ
RL"Z
v6°2Z
v6°2
v6° 2
96°7
96° 7

967

o°f +dryia
0°f *xay
o'f 1033
0°z *diis
0°2 *x¥ay
0°2 -1d31
o1 *diyi®
0°t *xay
01 -1d8J
1]

X adeus
o'f ~dytia
0% - xay
0 f °31031
0°7 *dirie
0z *x¥xay
0°2 1232
0+ ~dr118
0°1 - x3y
0*'1 -3id3J

w

X adeys

16€4-0
dd101aidu8
HATNIAADHE
hAIBIARONG
BAINYEADHE
BIITI19ADNRE
HJA1119ADM8
B4 IBHAADNY
DA 4HEADHE

B41319X048

uny

8410189404
BAINTAAONE
BAIBTAAOUY
B4 INNAAONE
DA 1T16ADHE
BJ1116A088
DA 1BHEADUE
DI 14HBADUE

DATFTRAONY

uny

301



2Sev-0

07G6°T 8G69°0 f£ARY°0 $ 272G~ 29¥°GC FFZ 0~ 6RIT- H60P- F 211 £°RI11 8°bIl GLS £661 6G1°7 0°G *d1i13 BIINIAROH]
FPL'T ZLS'0 PEV°O0  L°RGG-  16%°F GER'Z- PRGI- 909F- €°LIDl £°811 8°'PIT GIG F66T 6£L°7 n-°g XU BATTAHADHS
066°1 TL9°0 LOS'0 G fFG- 1I8b°S GOZ'E-  OILI- GFIb- €£°LT1 £°811 8°bIT 26 f661  1G2°27 0°G 1032 MJ41Z58AD49
TIE°T €9L°0 TLS°0 L °baF- R8VP°L 68L°V- GGGT- OFbF- L°FL Z°B] G'7Z8] 9G! G702 LR6°1 G *dIT12  B41a04dAIME
|RIE°T GOL*0 LES'0 £°LZF- ¥99°9 RIS °b- LLBPI- RLIE- L°'FL Z°B8 G uR 9GL G202 O086°1 G't “X3y  dJ14D98ADHE
O8Z°1 1IRL°0 7Z6S°'0 G 'frf- £6%°L ObL°P- T18GT1- G9PR~ L°'FL Z°bR G°78 9GL GZO7Z ¥RE°'1 S°f  "1081 BAIADEADNE
81°1 T[98°0 6G9°0 G*'62Z%~ IZH°’R 9G0°9- O06¢T- RLLZ- S'66 6°0S 1°NG 068  RENZ  G7p°1 0°7 di1(3 BJIrOdADNE
bLI°T 7GR0 G99°0 O°PIZ~ 72ZGI°R ZL1'9- 12f1- 9¥LZ2- S°'6b 6°0G 1°0G 068 BS0Z Z272b°1 o°7 *¥3y BATHOHADHE

07Z1°1 FfAR"0 969°0 A°9F2- PRG*] K10°9- 97Zp1- 2Z082- S°RF 6°'0G  1°0G nG8  KGO7Z  £72%°1 0°*Z *128d ®JIdHDIADHE

w.ey w/ MW w/vy A w/ A ww uny un ¥ | w

n Haite) o) H Tamod 1 A q 9 9 L L <> X adweys uny

(panutjuod)

I9UUBUD (YUIIMW 0OF [RUTWON Ul WOAF [OGRILIGL-T0-DIV 1IBIIUG)
J1apun pawiojaad suotrivindwo) 7x(ed wWO1] BIRVQ

9-2 A19VI,
2b°S  9S1°'F P GEL 9°9RL 89bZ  £LRZ RI'O1 G'LRP  C'ZIZ  LOP*Z 9EF 0 L6B'1 00S'0 Bb'G 0°G di{1o BAIXJFAINY

or-*g GBR'F £ °16L P°BRL LGHZ 19FZ RI°01 G*LRY S'FY2 REYZ KRYP'O L6P°T N0G°0  Bb°

Fel
o
3
el
.
L]
v
p=

b4 11494049
62°S 090°bv 8°fAL R°LRL £9bZ 0OLFZ 8BI°0T G'LRP C*FIZ 10L°2 REP'D  26%°1 00G°0 Pb°G y*C 1091 MBJIZJRADHE
96 R fLR'9 9°BRL T1°LGL 0792 L7267 6R°G1 R|°FGL FPL22  GG0°2 ZORT0 RE2T 00S°0 f£L°S  Gtf cdifre  BJI0DAADNHY
L1°8 166°9 P 18L $°6GL 0192 6162 68°S1T HA°FGL FORZZ LI1'Z £0£°0 REL'T 0O0DS'0 £L°GC G°f tx&e 5314981048
088 G69°'9 9°7RL L*RGL PHI197 (72GZ ARGl 6°fGR b RZZ 98Z'Z FOFT0 RREL°T 00S*0  §£2°GC ‘ft 1021 BJTENEADNSY

72811 989°6 0°19L ¥°97L

N
2]
~
N
~
t~
QD
N

S
$3°P7  G°PGIT 0°Fb2 192°T 11270 RKEE°L 00S°0 20°9 0°7 *dilia BJIr99A048
0

ROIT LS F°RKGL G K7L

<
<
™~
N
Kol
L
£]
N

vo°v S°PSIT 0°GPZ GOR'T ZIZ2°0 RKRE6'T 00S°0 20°9 "7 ‘Xay  BJTHOEADONY

PI°TIT 8IP°6 L°RGL Z°RZL GbLZ 6997 $9°FZ 0O°FSIT 0°GH2 CPA"T 71Z2°0 RE6°T 00C°0 20°9 0°7 °31d84 HJA1198ADHE

w/g w/g s/w s /w | | edA uE\;s AN w 2U 1 w
bl o) s xn
p; ‘9> n T 1. > 1> Uy H d v N/H N f x  adeyg uny

18uuBy) (UIIMW O0F TRUTWON AY1 WOIJ 10GGILARL-T0-DV 1DBIIUOD
J3pUn PawIojaid suoriviIndwo)) Zaaeh wolxl vIw(

NOILYHOJHOD HOHYISIY -y

302



GGz 1
6GS0°1
£v0°1
8811
£90" 1
0S0°1
6G0° 1
1901

12200 ¢

ozv-2
v6f°2
1o%°2
|YR°F
¥8°f
918" %
atz- s
otz
G91°¢

L6L2°0
¥¥6°0
6660
2v8°0
1v6°0
756°0
¥¥6°0

£6°0

L96°0

(44
L+1:1 4
v0z°?
[:3:1 Ad2
veb° e
68 °f
0Z8°%
or]°%

£RL°Y

G99°0
06L°0
S0t "0
069°0
0LL°0
S8L°0
SfL°0
bRLC

ST 0

6° 166~
[l 40] 4d
9°2Gb~
0°LEE~
0°062~
1°682~
1282~
Q*RLT~

9°Gla-

1°G698
[ 4111
S 998
G°99%
£°998
]°GOR
L7198
8°19%

6°098

s/w

n

f.° Q7R
6°978
L"97R
0°RZR
G*RZ8
G f78
a°0ze
¥°078

9°0Z8

s/w

<

NOILVHOJHOD HOUVYISIY n l-lm

9r LY
80°¥9
0Z° %S
TL°8¢
veczL
8L°6G
¥9°29
00°gg

16°96

w/Mn

213m0q

13uuey) (Y1)MW 000Z 1BUTWON BYl WOI [OGGILAGZ-1N~)V 10WIIUO)

N

]
i

LZ°6-

6S°Z1-
¥G°or1-
R 71~
0021~
8 b1~
06 bi1-
Tt°61-

61°91-

811G~
6806~
€G6v-
(XM 4
oSz
LGTP-
reer-
10ve-

4153 2 20d

1219~
SIGL~
99f.L~
obsSPH~
[AR R it
1016~
A4
169¢€.~

13053 4 Md

atean

(ARSI A

[ TAS

(panutjuod)

2 oo
Z°00¢f
2 oof
0°861
0°861
0°861
[t g ¢
(AR 8

o€t

0012
0otz

0ot

N

0012
001z
oo1z
0012
0012

notz

Sm

I9pUN pauwldoIaad SUOTIBIP WO ZAAQRD wod] wvivg

ovee
LEZZ
6£7a
|8REZ
LBFZ
9RFZ
S167
G167z

162

3

7L>

9°911
9°917
9°911
G761
G°Z61
G 261
S° 967
S°9h7

G*967

BN

<d>

8971
/971

/971

w/ MW
XNy}

H

=L ATVl
7ace 09LtL
LROZ  ELL'R
6127 693°8
9752  8b2°9
£262 $90°L
GER7  BLR'Q
RO9Z 0R0°S
4108 2bL°G
9567  0R9°S

W w

H d

109°¢

0662

250"

ORE 27

9102

a
v

000°1
G611
£56°0
000°1
GS1°1
60
000" 1
611

8L6°0

M/H

ootz
0ote
0018
0012
note
0012
001e
0012

00z

ang o
00s°0
0050
0050
00S°0
00s°*0
nos* 0
[S1¢10]

00s°0

Lx

L AN
16z°¢
rgaZ- g
981°2
G817
CRI*7
IR 1
T8V 1

8y 1

aL*s

00°9
0)*9
00°9

00°9

[auuvyd (UIIMN 0007 TBUTWON a3yl WO1J TOGGILARL-[0N-D¥ 1IBIIUO)

Jspun Pawaojiad Suoil1®INdwo) ZigRd wol} elw(g

L-L 318Vl

0° 11
o011
0°11
G2
G2
G2
[the 4
0o°'v

(4 2 4

011
0°11
0°11
S*?
S°L
S°L
0o°%
[$ 08 4

0°v

a1da1d
sxay
* 3083
8910410
*xay
-303a
EYEP R b
s xay

*q12aax

adwyg

a[oato
*xay

* 3081
312I1D
*xay

* 1081
212310
*xay

*103a

adeyg

£SEV-0

Z4IBNTADHY
£JIPXAdDHHD
CI14NABYHD
Z41PDHADYE
£ AIdHIADRA
CJTINTOHHD
ZJ THMADYHD
FATHHADYHO

£41INEDUHD

uny

ZAIBNTADHY
£4IPXAHOH)
£Jd14NBOUHD
Z41POHADNY
£41dRIAOUE
4 TINTOHRD
241 AMADYHD
£ ATHHIADAND

£ATANAOUHHD

uny

303



25 T T T
/
GO

_ /
% o} / 4
- /
a /
> /
o 15 S/F
- ~ / m
.4
[+ 4 //
r4
o /
E /
< /

101 —
& AEDC /
x TO-DATE

‘i.‘/
x /
u /
£ £EQ/
- S5hH / -
3 ,430
w / Cc
B8O~
P4
//
Ao
0 - | | |
0 0.5 1.0 1.5 2.0

INTERACTION PARAMETER, Ip

Fig. 7-1. Variation of enthalpy extraction rate with
the interaction parameter based on pressure.

0-3633a

30



s l D AESEARCH CORPORAYION

100 T l T
. 80+ -
e

c /]
[ 3

» G
= /
-

60 Fe —
g - J/
= /
o AEDC TO DATE Vs
W
L /
W /
L 40— —
;3[ EO

DO

2 7 n_ =36 Ip
Ié’l / 1sen
= B8O C

20 — Y © -

/S
/
AQY
/
0 1 [ 1
0 0.5 1.0 1.5 2.0
0-3634A INTERACTION PARAMETER, 1

Fig. 7-2. variation of 1isentropic eff.ciency with in-
teract'on parameter based on pressure.

305



1.0 T T

/
/
/
/
s FoO /706
X /
S 0.8} / .
2 /
£ /
3 /
o /
5 /
9 0.6 | // 1
5 /
< t— £ - o.681 Kk
- AEDC / m P
x /
W TO-DATEA/
é o-4r Ny |
g /
w /
O /
m °8¢
S 0.2 / —
w 0B
& /
/
/
Jo¥
0 1 1 L
0 0.5 1.0 1.5 2.0

INTERACTION PARAMETER TIMES LOAD FACTOR, bK

Fig. 7-3. Variation of specific energy extraction with
the product of interaction parameter based
on pressure and the Faraday load factor K
or diagonal generator electrical conversion
efficiency ne.

L-3632a

306



2.00

1.0 8 Y I \
F Gl: 1 =700k ]
> " G2: 1" .700K, ARCING
- - 63: 1".1200¢ .
s L 6a: 1" .1700k 4
oa 65: 1".1700K, SLAGGING a G5
o _. i v 1
Lo —41.3
zZo T AEDC -30
g Lok TO-DATE
o - = A O Gl -
Z - \‘ 8
> 5 A A
g \
SW oo N\ —1.10
—x 0.1 E O, o637]"
- i QC .
3~ - ]
S o s \ ® G2
o L
O
Co N\ oo .
- i
B FO
< 0.03 N\ —1.03
turJ TREND LINE FOR N\
> —  "HOT™ WALLS, N oocs ]
NO LEAKAGE, \
DIFFUSE CURRENT \
0.01 ’ L . NG ) o
1 10 100 1000 10, 000

SENSIBLE HEAT RATE TO GENERATOR, Hor;u { MW)

Fig. 7-4.Variation of conductivity nonuniformity

0-3635a

factor g, averaged over the channel length,
with sensible heat rate or thermal input tc
the MHD generator. Solid symbols denote
arc-mode current transport, and triangles
denote slagging walls.

307

AVER*GE CONDUCTIVITY NONUNIFORMITY FACTOR, g



*$10-900 Uhd AA4H/OAAV eul 3o CcdrnNNddHO uoflerhuts
aed eyl u¢ sairioad £370079A TBIXE® Oy3 JO juawdorsasg ‘Gg~2 ‘Itd

$3004¥LI313 NIIMLIE ¢31y-0 o
(3 ) [ YRR} OO. Opcrd 4l o T w
X A s .
™ d +
¥ 4 [ » " .... .
P P 3 : : £ 2 .
= |

L L O

1 " 094 et [ IS}

STIYM3AIS N33IML3E




SIDEWALL TO ELECTRODE WALL DISPLACEMENT THICKNESS
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Fig. 7-6.
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8.0 SUMMARY AND CONCLUSIONS

This section summarizes the major conclusions derived

from the stvdies described in this report.

3.1 AEDC/HPDE Data Analysis and Interpretation

Attention has been concentrated on the data from two
power producing runs of the AEDC/HPDE (Runs 006-008 and
006-014). Calculations have been performed with codes from the
Q3D and TRANSIENT families in order to compare theory and
experiment where possible.

The comparison of theory and experiment for Run
006~-008 1is incomplete because the experimental data were
inadequate to accurately define the conditions that existed
during the operation of that run. Nevertheless, the
qualitative agreement is sufficiently good to presume that if
the Hall voltage across the channel were known, the discharge
current cculd have been accurately determined and the
comparison would have been excellent.

The comparison between theory and experiment was much
better for Run 006-014. The data from the two recording
systems were much more consistent for this run and are more
reliable. On the whole, the predictions are well within the
scatter for the data.

8.2 Critical Phenomena in the AEDC/HPDE

The power aissipation in the thermal boundary layers
of the HPDE is much more important than was originally assumed
in the design of the HPDE. However, the enthalpy extraction
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goal of the experiment can be met without providing the
original design values of electrode wall temperatures (2100 K -
1950 K). On the basis of the calculations performed to-date,
provision of a wuniform 1500 K wall temperature would be
sufficient to meet the enthalpy extraction goal of the
experiment.

Under the operating conditions of Run 006-014, which
represents the best-diagnosed, high-power run of the HPDE to
date, the principal operational parameters available to
increase the HPDE performance toward the goals of the
experiment are the electrode surface tcmperature and magnetic
field.

The central role of the Mach number distribution in
achieving the performance goals of the experiment is
demonstrated by the calculations performed to date. The
optimum Mach number distribution in the AEDC/HPDE appears tc be
transonic.

Finite electrode and near electrode effects appear to
have a four to five percent impact on the performance of the
MHD generator under the operating conditions of Run 006-014.
The experimental data therefore are perhaps not sufficiently
refined to discriminate between the differences calculated with
some models for near electrode effects (small arcs vs. diffuse
mode transport), and electrode segmentation. The data to date
do appear to rule out the existence of very strong arcs and
suggest that the severe losses associated with seed
condensation c¢n the elect. »des and seed depletion in the

boundary layers are not controlling mechanisms.
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The AEDC/HPDE computations performed to date indicate
that the fluid mechanical behavior of the generator is
approaching the interesting regime of zero blockage and
measurab.e sidewall velocity oversnoots. The data thus far arr
not sufficiently complete to detect these effects. Howeve.,
the general agreement with the pressure predictions and the
other electrical and gasdynamic predictions with the
multidimensional Q3D calculations suggests that the inclusion
of these effects in the computations may be necessary. As the
performance of the MHD generator improves, and the interaction
level 1increases, the differences between simplified ana
sophisticated models of the flow field will become more and
more apparent. The AEDC/HPDE should be arforded additional
instrumentation with which to diagnose the local fluid
phenomena which are predicted by the analyses.

The unconventional fluid behavior will be magn.f'ed
when the generator is operated in the subsonic mode. It would
be possible, under conditions similar to HPDE Run 006-014, to
achieve an interaction parameter based on velocity sufficient
to exhibit many of the secondary flow and velocity overshoot
effects predicted by the STD/MHD codes, if the mass flow rate
were reduced sufficiently to provide subsonic flow throughout
the generator. While this may not be the optimum enthalpy
extraction and isentropic efficiency point, it would be
possible, neverthess, to simulate conditions 3in a large,
subsonic, baseload MHD generator, if the appropriate
interaction parameter based on velocity is provided.

The 1inlet pressure loss was calculated fo one
operating condition to be approximately 1.5% of the total
pressure entering the generator. Such a pressure loss in the
inlet and exit regions of the generator would not present a
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substantial penalty to the overall performance of an MHD plant
operating with an MHD generator of the type repr~sented by the
AEDC/HPDE. The exit region pressure loss remains to be

evaluated.

The electrode voltage drops are sensitive not only to
the wall temperature but also to the amount of Joule
dissipation heat deposited in the boundary layers. Second
order improvement in performance may be achieved by tailoring
the load factor distribut on to achieve high dissipation in the
inlet regions of the generator. Analytical models which fail
to account for Joul: dissipation effects in the electrode
boundary layers will fail to predict the electrode voltage

drops with accuracy.

8.3 Critical Phenomena in the U.S. U-25 Experiment

The nominal conditions of the U.S. U-25 are predicted Lo
yield transonic behavior with a shock located 1n the channel.
Even under these nonideal conditions, the U.S. U-25 experiment
is predicted to pbe able to reach or come very close to the goal
of 10 MW power output. The operation of this experiment can be
altered by changing the mass flow rate, but simultancous
attainment of both fully subsoric flow and at least 10 MW power
output was not predicted under the nominal operat.ng
conditions.

8.4 Electrical Conductivity Calculations i.. Coal Flames

The calculation of electrical conductivity of the
products of coal combustion is a subject of considerable
uncertainty due to the lack of sufficiently accurate

compositional and thermochemical data. Even for equilrbri'wm
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calcu.ations, the elemental composition of the products of
combustion 1s dependent upcon history of the combustion,
particularly f.r the treaiment of ash and slag. In addition,
for MHD generators the nonequilibrium effects of boundary
layers, current transport, radiation transport, condensation,

and chemical kinetice must be taken into account.

Even when tne coal ccmuposition is defined (defined for
compuiational purposes), the values of the transport and
thermodynamic »Jroperties at the inlet to the generators is
dependent upon the conditions 1in the combustor, separator,
throat, nozzle, and mating sections of the flow train. It is
particularly 1mportant to know the distributions of heat flux
and slag removil in these sections of the flow train in order

to define the inlet con”irions.

For examp' >, .ere are manv ways of modeling slag
remcval: a) all of the liquid and solid slag species can be
removed at the flame temperature, (b, the slag that is removed
can be assumed t.- have the same composition as for the ash
analysis; (c) the condensed phase slag can be removed at the
equiliorium composition of the gas-phase, condensed-phase
interface temperature; or (d) any combination of these, i.e.,
some slag removed at one condition and some removed at another.
Since condensed phase matter 1is removed to the walls
contirvously along each section of the flow train, the model of
slag .emovai must be applied as a function of axial distance
aud for conditions which are fuactions of location in the flow

tra1in.
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